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CHAPTER 1. GENERAL INTRODUCTION 
The original objective of this research was to generate a phylogeny of 
Gossypium based on markers from the biparentally-inherited nuclear 
genome, and to compare this phylogeny to that based on the maternally-
inherited chloroplast genome (Wendel and Albert 1992). As work 
progressed, a new question arose as to the monophyly of Gossypinm. 
Therefore, more samples from species other than Gossypium had to be 
included. As a result, representatives from all but one genus in the tribe 
Gossypieae, to which Gossypium belongs, were included in the study. 
Although the taxonomic framework of the tribe Gossypieae had been laid 
out by previous authors (Alefeld 1861; Dumont 1887; Reeve 1936; Fryxell 
1968, 1979), no formal phylogenetic inferences were made regarding 
relationships among members of this tribe (but see La Duke and Doebley 
1995). Accordingly, phylogenetic investigation of the tribe Gossjrpieae as 
well as of Gossypium was conducted using molecular data from both 
chloroplast and nuclear genomes. Since the study employed multiple data 
sets, guidelines for data analyses were evaluated (e.g., Mason-Gamer and 
Kellogg 1996) and a new protocol was suggested (Seelanan et al. 1997). 
The other aspect of the work presented in this dissertation is the 
study of the recently described Gossypium sect. GrandicoJtyx (Fryxell et al. 
1992), from NW Australia. Recent expeditions to that region have provided 
a wealth of plant materials for studying this unique group of plants (Fryxell 
et al. 1992). The study described in this dissertation included broader 
sampling and employed more data than in previous studies (Wendel and 
Albert 1992; Seelanan et al. 1997). 
To sum up. the primary objectives of this dissertation were: 
1. To test the monophyly of the tribe Gossypieae. and to elucidate 
the phylogenetic relationships among genera within the tribe; 
2. To investigate the monophyly of and relationships among 
species within the genus Gossypium, and to compare the 
results to a previously suggested phylogeny of the genus; 
3. To study the phylogeny and evolution of Australian Gossypium 
sect. Grcaidicalyx. 
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Dissertation Oiganization 
The main body of the dissertation is organized into four chapters: one 
chapter describing the major objectives and providing the relevant literature 
on molecular systematics; two chapters consisting of the original research 
results on issues of phylogenetic reconstruction and evolution of tribe 
Gossypieae and genus Gossyptum: and a final chapter summarizing the 
results of this dissertation. All literature cited in Chapter 1 and 4 are listed 
after Chapter 4. 
Chapter 2, entitled "Consensus and congruence in the cotton tribe 
(Malvaceae)," was published in the journal Systematic Botany (Seelanan et 
al. 1997). This chapter provides a practical solution to the long-standing 
problem of how multiple data sets from the same set of taxa can be used to 
infer organismal phylogenies. The approach presented was applied to a 
phylogenetic study of the cotton tribe [using ndhF and ITS data sets] and to 
Gossypium [using cpDNA restriction site variation from Wendel and Albert 
(1992) and ITS data sets). Results from the phylogenetic study of the 
Gossypieae provide a new understanding of the relationships among its 
genera, its phytogeography, and the origin of the tribe. Results from the 
phylogenetic study of Gossypium reinforced our knowledge of the phylogeny 
of Gossypium as previously described (Wendel 1989; Wendel et al. 1991; 
Wendel and Albert 1992). 
Chapter 3, entitled "Molecular systematics of Australian Gossypium L. 
sect. Grandicalyx (FryxeU) Fryxell (Malvaceae)," has been submitted to t±ie 
journal Systematic Botany. This chapter provides insight to the phylogeny 
of Gossypium sect. Grandicalyx based on multiple moleciilar data sets. This 
section recently was taxonomically revised (Fryxell et al. 1992; Stewart et al. 
1997) to include a total of 12 species from the Kimberley region of 
northwestern Australia. Three molecular data sets were employed in this 
research, namely, DNA sequences of the rpll6 intron, nuclear 18S-26S ITS, 
and the nuclear sdcohol dehydrogenase "locus D" gene. The results 
indicated that speciation of members in the section was relatively recent, so 
recent in fact that there was little molecular differentiation among this 
diverse assemblage of species. The results also provided a framework for 
interpreting the phytogeography. the origin of, and the morphological 
adaptation of Gossypium species in sect. Grandicalyx 
3 
Chapter 4, entitled "General Conclusions," provides a summary of the 
work presented in this dissertation. In addition, other aspects for future 
study are suggested to further our knowledge of phylogeny in the 
Goss3?pieae and Gossyptum. 
literature Review 
Plant systematists have employed a variety of techniques to generate 
quality data for inferring organismal phylogeny. These include, for instance, 
morphological, anatomical, cytological, and molecular data. In particular, 
molecular data have been used intensively in the past and present decades, 
owing to the development of the Polymerase Chain Reaction (PCR) for DNA 
amplification and sequencing. This mini-review will present different types 
of molecular data that are used in molecular systematics, and wiU introduce 
the groups of plants to which some types of molecular data have been 
applied for phylogenetic purposes. 
A still widely used source of molecular characters in plant systematics 
is chloroplast DNA (cpDNA) restriction fragment length polymorphisms 
(RFLP), or colloquially. cpDNA restriction-site variants. This type of data 
has been used to address questions at different taxonomic levels including 
the familial (e.g., Conant 1995; La Duke and Doebley 1995; Kohn et al. 
1996), tribal and subtribal (e.g., Knox and Palmer 1995a; Yakawa and 
Uehara 1996), generic (e.g.. Hoot 1995a; Knox and Palmer 1995b; Gillies 
and Abbott 1996; Ohnishi and Matsuoka 1996; Harrision et al. 1997; 
Ohnstead and Palmer 1997; Spooner and Castillo 1997), and species levels 
(e.g., Mason-Gamer et al. 1995; Bain and Jansen 1996; Levy et al. 1996; 
Sewell et al. 1996). There are a few studies that employ PCR technology to 
generate portion{s) of cpDNA genes/introns/spacers, and use PCR-
amplified products in RFLP surveys to address phylogenetic questions at 
different taxonomic levels (e.g., at the family level in Tsimiura et al. 1996; at 
the tribal level in Wolf et al. 1997; at the species level in Mousadik and Petit 
1996). 
Another type of molecular data is DNA sequences from the chloroplast 
genome. Although cpDNA on the whole has a slow rate of nucleotide 
substitution compared to other genomes in plants, different parts of the 
genome have different rates of evolution (Palmer 1991), and can be used to 
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address phylogenetic questions at different levels. Many chloroplast genes 
have been used in phylogenetic studies Including, for example, rbcL (e.g. 
Chase et al. 1993; Rodman et al. 1993; Rodman et al. 1996; Duvall and 
Morton 1996; Soltis et al. 1996; Wagstaff and Olmstead 1997), ndhF(e.g. 
Clark et al. 1995; Neyland and Urbatsch 1996; Bohs and Olmstead 1997; 
Terry and Brown 1997; Terry et al. 1997), and maiK (e.g., Johnson et al. 
1996; Liang sind Hilu 1996). Introns and spacers are also used. They often 
provide more information than gene sequences, for example, the rpoCl 
intron (Downie et al. 1996), rpl2 intron (Bailey and Doyle 1997), tmL (UAA) 
rntron (GieUy and Taberlet 1996), atpB-rbcL spacer (Savolainen et al. 1997), 
and rpll6 intron (Kelchner and Clark 1997). In many studies, more than 
one gene/intron/spacer have been used (e.g.. Hoot 1995b; Olmstead and 
Reeve 1995; Soltis et al. 1996; Plunkett et al. 1997). 
In addition to cpDNA restriction-site variation and sequences, 
structured rearrangements, due to loss of gene/intron/inverted repeat or 
inversions, can be useful for phylogenetic and evolutionary studies at the 
family level (e.g., Doyle et al. 1995; Doyle et al. 1996; Katayama and 
Ogihara 1996; Wallace and Cota 1996). This type of data, although 
potentially informative, is limited in terms of the nxmibers of characters that 
it provides, and it may be homoplastic. A critical review of cpDNA 
systematics with respect to the advantages and disadvantages of each 
technique has recently been published (Olmstead and Palmer 1994). and 
therefore it will not be repeated here. 
Mitochondrial DNA (mtDNA), compared to cpDNA, is a much less 
versatile molecule due to a high rate of rearrangement and a low rate of 
point mutation (Palmer 1992). Nonetheless, a few studies have used mtDNA 
to infer phylogenetic relationships among and evolution in taxa studied 
(e.g., Lou and Boutry 1995; Guo et al. 1996; Mori et al. 1997). 
Many types of molecular data have been generated from the nuclear 
genome, but the most widely used are RFLP's and sequences of the 
ribosomal DNA (rDNA) gene [including 18S, 26S, 5S rDNA genes, and 
internal transcribed spacer (ITS) regions between 188 and 5.8S and between 
5.8S and 26SI. RFLP's of the rDNA gene have been used to address the 
origin of potyploid species (e.g., Doyle and Brown 1989), intra- and 
interspecific variation (e.g., Bobola et al. 1992), and phylogenetic 
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reconstruction (e.g.. Sytsma and Schaal 1985; Bellarosa et al. 1990; Reddy 
et al. 1990). DNA sequences of rDNA genes are usually used largely at 
higher taxonomic ranks (above the family level) (Kron 1996; Potter et al. 
1997; Soltis and Soltis 1997; Kuzoff et al. 1998). ITS sequences are used 
more widely to infer phylogenetic relationships among species within a 
genus (e.g.. Baldwin 1993; Wbjciechowski et al. 1993; Sun et al. 1994; Yuan 
et al. 1996; Hoist-Jensen et al. 1997) and within a tribe or higher taxonomic 
ranks (e.g.. Savard et al. 1993; Suh et al. 1993; Bogler and Simpson 1996), 
to document reticulate evolution (e.g.. Wendel et al. 1995; Sang et al. 1995). 
and to infer morphological evolution from ITS-based phylogeny (e.g., 
Desfeux et al. 1996). It should be noted that when the rDNA gene and 
spacer are employed, caution must be taken because molecular evolution 
governing this multigene family can give a gene tree that differs from the 
organismal tree (Wendel et al. 1995). Accessing orthologous/paralogous 
relationships of rDNA genes and spacers may be problematic, as rDNA loci 
can move from one location on a chromosome to another or even to a 
different chromosome in an evolutionarily brief time span (Dubcovslqr and 
Dvorak 1995). 
Only recently, systematists have started using genes from other small 
multigene families, for example, those from nuclear alcohol dehydrogenase 
(Small et al. 1998), and nuclear phosphoglucose isomerase families (Gottieb 
and Ford 1996). Only well-characterized nuclear genes should be used, and 
caution must be exercised in order to ensure that phylogenetic 
reconstruction is based on orthologous copies, not paralogous ones. 
tn this dissertation, a variety of molecular data types were used, 
including cpDNA restriction-site variation, chloroplast ndhF gene and rpllB 
intron sequences, and nuclear rDNA ITS and alcohol dehydrogenase [Adh) 
gene sequences. The chloroplast ndhF gene and the nuclear ITS of rDNA 
were used to reconstruct the phylogeny of the tribe Gossypieae of the family 
Malvaceae. The cpDNA restriction-site variation and nuclear ITS of rDNA 
gene were used in a phylogenetic investigation of Gossypium. The rpllS 
intron, and nuclear ITS of rDNA and alcohol dehydrogenase {Adhi genes 
were used in cladistic analyses of Australian Gossypium sect. Grandicalyx. 
Currentiy, the Malvaceae, or mallow family, consists of approximately 
75 genera (Zomlefer 1994). Including many economically important crops 
6 
such as cotton, okra, and ornamental plants (e.g.. Portia plant, hollyhock, 
mallow). The family is divided Into 5 tribes: Malveae. Malvavisceae, 
Hibisceae, Gossypieae. and Decaschistieae (Fryxell 1988). These tribes can 
be distinguished by a combination of many characters including firuit type, 
number of mericarps per firuit, style connation, stigmasrmericarp ratio, apex 
of staminal coltram, and presence of gossypol glands [lysigenous cavities] 
(Fryxell 1988). To date, there are a few phylogenetic works at the familial 
level (e.g.. La Duke and Doebley 1995). but none directed at resolving tribal 
relationships. 
Among the five tribes described in the Malvaceae, the Gossypieae, the 
cotton tribe, is the most distinctive, having distinct lysigenous cavities 
capable of sjnithesizing terpenoid aldehydes throughout the plant, and 
unique embryo morphology, traits recognized by Alefeld (1861) as 
characteristic of Gossj^ideae [Gossypieae]. Many authors (e.g., Bentham 
and Hooker 1862-1867; Schumann and Gurke 1891-1892; Edlin 1935; 
Kearney 1951; Comer 1976) had overlooked these features and preferred to 
include members of this tribe in the tribe Hibisceae. Fryxell (1968) 
resurrected the tribe Gossjrpieae on the basis of Alefeld's (1861) finding, 
with other supporting evidence firom wood anatomy (Dumont 1887) and 
seed coat anatomy (Reeve 1936). In his critical review. FiyxeU (1968) 
included eight genera within the tribe Gossypieae, viz., Gossypium L.. 
Gossypioides Skovst. ex J. B. Hutch.. Kofcia Lewton. Thespesia Sol., 
Hompea Schltdl., Cienfuegosia Cay., Lebronnecia Fosherg, and 
Cephalohibiscus Ulbr. Several of these genera consist of few species and are 
confined to narrow geographic distributions, such as Cephalohibiscus from 
New Guinea, Lebronnecia firom the Marquesas Islands (Fosberg and Sachet 
1966), Gossypioides firom southern Afirica-Madagascar (Hutchinson 1947), 
and the Hawaiian endemic genus Kokia (Degener 1934). The Mexican 
endemic Hompea (Fryxell 1969a, 1988) has a relatively wider geographic 
distribution and includes 21 species. The other three genera are 
pantropical. Twenty-five and 17 species, respectively, are included in 
Cienfuegosia (FrjnceU 1969b) and Thespesia (Fr30cell 1968). The biggest and 
most diversified genus with the widest geographic distribution is Gossypium 
(Fryxell 1992; Stewart 1995; Stewart et al. 1997) with more than 50 species 
described. 
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To date, there have been no phylogenetic studies of relationships 
among genera within the tribe. A recent phylogenetic study of the 
Malvaceae (La Duke and Doebley 1995) included only three representatives 
from the tribe, and gave little indication of relationships among taxa. 
Clearly, a lack of phylogenetic study in this group needs to be addressed to 
further our imderstanding of the relationships among genera within this 
economically important tribe. 
Among the eight genera in the tribe Gossypieae, Gossypium receives 
the most attention from many authors as four members of the genus are 
economically significant crops providing cotton to the world. These 
commercially important cottons include two diploid species, Gossypium 
arboreum L. and G. herbaceiun L., and two tetraploid species G. hirsutum 
and G. barbadense. Many studies have been done on these plants, 
including investigations of taxonomy (e.g., Fiyxell 1992; Fr3rxell et al. 1992; 
Stewart et al. 1997), cytogenetics (e.g. Endizzi et al. 1985; Price et al. 1990; 
Crane et al. 1993), domestication (e.g.. Wendel et al. 1992; Brubaker and 
Wendel 1994), phylogenetics and evolution (e.g. Wendel 1989; Wendel et al. 
1991; Wendel and Albert 1992; Wendel et al. 1995a; Seelanan et ad. 1997; 
Small et al. 1998), and molecular evolution (e.g. Wendel et al. 1995b; Crorm 
et al. 1996). Despite the extensive studies on this genus, new discoveries 
have recently emerged (FryxeU et al. 1992; Stewart 1995), for example, the 
new group of Gossypium species that is found only in Kimberley region in 
northwestern of Australia, with the exception of one species that occurs 500 
km away on the Cobourg Peninsula. These species possess a nimiber of 
morphological characters that are foimd nowhere else in the genus, 
including their habit as upright or prostrate perermial herbs, the ability to 
generate new shoots from rootstocks after above-ground vegetative parts are 
burned by fires, and adaptation of reproductive parts to facilitate ant 
dispersal. Previous studies (Wendel and Albert 1992; Seelanan et al. 1997) 
have focused on generic level relationships or groups other than Australian 
Gossypium (but see Wendel et al. 1991). Here, this group is the focus of an 
intensive phylogenetic study. 
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CHAPTER 2. CONGRUENCE AND CONSENSUS IN THE COTTON TRIBE 
(BiALVACEAE) 
A paper published in the journal Systematic Botany^ 
Tosak Seelanan^-^, Andrew Schnabel'^, and Jonathan F. Wendel® 
ABSTRACT 
We explored the evolutionary histoiy of the Gossypieae and 
Gossypium using phylogenetic analysis of biparentally and maternally 
inherited characters. Separate and combined data sets were analyzed and 
incongruence between data sets was quantified and statistically evaluated. 
At the tribal level, phylogenetic analyses of nuclear ribosomal ITS sequences 
yielded trees that are highly congruent with those derived from the plastid 
gene ndhF, except for species that have a reticulate evolutionaiy history or 
for clades supported by few characters. Problematic taxa were then pruned 
from the data sets and the phylogeny was inferred from the combined data. 
Results indicate that (1) the Gossjrpieae is monophyletic, with one branch 
from the first split being represented by modem Cienfuegosia: (2) Thespesia. 
is not monophyletic; and (3) Gossypium is monophyletic and sister to an 
imexpected clade consisting of the Hawaiian genus Kokia and the east 
Afiican/Madagascan genus Gossypioides. Based on the magnitude of ndhF 
sequence divergence, we suggest that Kokia and Gossypioides diverged from 
each other in the Pliocene, subsequent to their apparent loss of a pair of 
chromosomes via chromosome fusion. Phylogenetic relationships among 
species and "genome groups" in Gossypium were assessed using cpDNA 
' Reprinted with permission of the journal Systematic Botany, 1997, 22: 
259-290. 
^ Graduate student. Department of Botany, Iowa State University 
^ Primary researcher and author 
* Associate Professor, Department of Biological Sciences, Indiana University 
® Professor, Department of Botany, Iowa State University 
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restriction site variation and ITS sequence data. Both data sets support the 
monophyly of each genome group, once taxa known or suspected to have 
reticulate histories are pruned from the trees. There was little congruence 
between these two data sets, however, with respect to relationships among 
genome groups. Statistical tests indicate that most incongruence is not 
significant and that it probably reflects insufficient information rather than 
a biological process that has differentially affected the data sets. We 
propose that the differing cpDNA- and ITS-based resolutions of genome 
groups in Gossyptum reflect temporally closely spaced divergence events 
early in the diversification of the genus. This "short intemode" phenomenon 
is suggested to be a common cause of phylogenetic incongruence. 
INTRODUCTION 
One of the issues that systematists face when multiple data sets exist 
for a particular phylogenetic problem is whether or not to combine these 
different sources of information into a single analysis (Miyamoto 1985; 
Kluge 1989: Barrett et al. 1991; Hillis 1987; Bull et al. 1993; de Queiroz et 
al. 1995; Miyamoto and Fitch 1995). This question stems in part from the 
recognition that different character sets can have different imderfying 
evolutionary histories, which may lead to different reconstructions of 
organismal phylogenies. In some cases, these different histories may be 
clear or at least strongly suggested by the available information, as with the 
well-known phenomenon of cytoplasmic introgression in plants that leads to 
incongruent nuclear and cytoplasmic gene trees (Rieseberg and Soltis, 
1991). Perhaps more conmaon, though, are situations where the biological 
or analytical sources of incongruence are obscure. Irrespective of the origin 
of the incongruence, one possible remedy is to remove from the data sets 
the taxon or taxa displaying the incongruence and conduct a combined 
analysis on the remaining taxa. This process, however, necessitates that 
one first assess whether topological differences between competing 
phylogenies are real CTempleton 1983; Faith 1991; Farris et al. 1995: 
Mason-Gamer and Kellogg 1996: Kellogg et al. 1996) and hence potentially 
biologically significant, or whether they reflect insufficient character 
evidence, excessive homoplasy, or some other cause of spurious 
reconstruction. The question of whether or not different data sets should be 
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combined into a single global analysis is thus intertwined with the issue of 
interpreting topological differences. 
In this paper we present an example of both aspects of this problem 
using different data sets for the malvaceous tribe Gossjrpieae and for the 
genus Gossypium. The Gossypieae was first distinguished fi*om other 
Malvaceae on the basis of embryo morphology and by the presence of 
punctae or lysigenous cavities (coUoquiaUy called "gossypol glands") that are 
widely distributed throughout the plant body (Alefeld 1861). The taxonomic 
value of these characters has not been universally recognized, and members 
of the tribe have often been included with other capsular-fiaiited genera in 
the Hibisceae (e.g., Bentham and Hooker 1862-1867; Edlin 1935; Kearney 
1951). The tribe was resurrected by FiyxeU (1968), who through 
comparative studies of the Gossypieae and Hibisceae recognized the 
significance of embryo morphology, the presence of gossypol glands, and 
additional characters firom wood anatomy (Dumont 1887) and especially 
seed coat anatomy (Reeves 1936). Members of the the two tribes differ, for 
example, in embryo conformation (simple folding in the Hibisceae vs. 
complex folding in Gossypieae) and number of cell layers in the outer 
integument (two vs. many). Both the close affinity of the two tribes and 
their distinctness are evident in Fryxell's (1968) tabulation and discussion 
of morphological characters, and by recent phylogenetic analysis of cpDNA 
restriction site variation (La Duke and Doebley 1995). 
Eight genera presently are recognized in the Gossypieae (Fryxell 1968. 
1979). The cpDNA restriction site phylogeny of La Duke and Doebley (1995) 
suggests that the tribe is monophyletic, silthough only one species was 
sampled from each of three genera. Four of the eight genera are small with 
restricted geographic distributions. Lebrormecia Fosberg is a monotypic 
island endemic firom the Marquesas (Fosberg and Sachet 1966). 
Cephalohibiscus Ulbr., from New Guinea and Solomon Islands, also is 
monotypic (Fryxell 1968). Two species, firom East Afilca and Madagascar, 
are described in Gossypioides Skovst. ex J. B. Hutch. (Hutchinson 1947). 
The Hawaiian endemic Kokia Lewton includes four species, of which one is 
extinct (Lewton 1912; Degener 1934; Hutchinson 1947). In addition to 
these four small genera, the tribe includes four moderate sized genera with 
broader geographic ranges. Hampea Schltdl., the only genus in the tribe 
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with dioecious members (except perhaps Cienjuegosia heteroclada Sprague; 
FiyxeU 1979) comprises 21 neotropical species (Fiyxell 1969a, 1979). In the 
most recent revision of Cienfuegosia Cav., Fryxell (1969b) recognized 25 
species, with an aggregate range that includes the neotropics and parts of 
Africa. Seventeen species sire recognized in the pantropically distributed 
Thespesia Sol. (Fryxell 1979). 
The largest and most widely distributed genus in the tribe is 
Gossypium L., which contains more than 50 species (Fryxell 1992), 
including four (G. arboreumL., G. herbaceumL., G. barbadenseL., G. 
htrsutum L.) that attract attention by virtue of their economic importance. 
Gossypium is distinguished from related genera by a combination of 
characters (undivided style, coriacious capsule containing several seeds per 
locule, somatic chromosome number of 26, and three foliaceous [usually] 
involucellar bracts), each of which is found in related genera. Thus, 
although the genus has been studied from many perspectives, no unique 
synapomorphic character is known to define Gossypium, and its 
prt-iumptive monophyly is untested. The sole phylogenetic hjrpothesis for 
the genus is based on characters from the maternally inherited (in 
Gossyptumi plastid genome (Wendel and Albert 1992). 
Although the Gossypieae has recently been revised (Fryxell 1979) and 
a skeletal phylogenetic hypothesis for the family has been erected (La Duke 
and Doebley 1995), relationships among genera have not been formally 
evaluated and the monophyly of the tribe remains untested. In the present 
study, we conducted phylogenetic analyses of both biparentally (nuclear) 
and maternally (plastome) inherited markers in an effort: (1) to test the 
monophyly of the Gossypieae and investigate generic-level relationships 
within the tribe, and (2) to test the monophyly of Gossypium and investigate 
species-level relationships within the genus. In the course of this work, we 
generated different data sets at both the tribal and generic levels, using 
parallel sampling of taxa. Phylogenetic analyses revealed broad areas of 
agreement in trees derived from the different data sets, in addition to 
regions of incongruence. We discuss the implications of the results that are 
congruent, and also consider the topological tncongruence in an effort to 
diagnose its causes and to evaluate competing phylogenies. 
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BCATERIALS AND METHODS 
Plcait Materials. The accessions selected for study are listed in Table 
1. Accessions were derived from seeds of plants growing in their native 
habitat, from material derived from self-pollination of original field-collected 
plants, or as gifts from various collections. For most accessions, plants 
were grown from seed to verify identity, and voucher specimens, where 
available, were deposited in the Ada Hayden Herbarium (ISC) at Iowa State 
University. We included one or more representatives of seven of the eight 
genera in the Gossypieae, lacking only the rare monotypic taxon 
Cephalobibiscujs peekelii Ulbr.. Sampling density varied widely among the 
other ingroup genera: Lebrormecia kokioides, the sole representative of this 
monotypic genus; one species from each of two sections (of 26 species in the 
genus) in Cienfijuegosia:, two of four species from Kokia: three species (of 17) 
from the two sections of Thespesia; one of 21 species of Hampea: one of two 
species from Gossypioides; and 52 accessions of 45 species from 
Gossypium, representing the majority of the diversity in the genus (several 
poorly known Afirican-Arabian taxa were not available). 
Outgroups were selected for inclusion based on the morphological 
evidence discussed above and the cpDNA restriction site analysis of La 
Duke and Doebley (1995). The latter analysis indicated that a clade 
consisting of the tribes Hibisceae and Malvavisceae is sister to the tribe 
Gossypieae. Two taxa. Hibiscus costatus from the Hibisceae, and Anotea 
Jkwida from the Malvavisceae, were therefore selected as outgroups for the 
Gossypieae. 
DNA Eixtraction and Sequencing. DNA was extracted from freshly 
harvested or from silica-gel dried leaves using previously detailed methods 
(Paterson et al. 1993; Brubaker and Wendel 1994). In most cases, sequence 
data were obtained through direct sequencing of single-stranded templates 
derived from a two-stage polymerase chain reaction (PCR) procedure 
followed by ultrafiltration, as previously described (Clark et al. 1995; Wendel 
et al. 1995a). In some instances, however, it was necessary to generate 
sequence data from individual clones of the amplification products. 
Primers for PCR amplification and DNA sequencing of ndhF are 
specified in Olmstead and Sweere (1994). although "primer 1" was 
redesigned to correspond to coordinates 114,183 - 114,164 of the tobacco 
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ndhF gene (Shinozaki et al. 1986) as follows: 5'-
GAATATGCATGGATCATACC- 3'. Sequence data for ITS were generated as 
described in Wendel et al. (1995a). although only the internal primers 
("ITS2" and "ITS3") located in the highly conserved 5.8S RNA gene were used 
for sequencing reactions in most cases. This allowed complete sequence 
data to be obtained from both spacers (ITSl and ITS2) and a portion of the 
5.8S gene in all taxa. When direct sequencing of PGR products failed to 
yield clean sequence, we used the pGEM®-T Vector (Promega) to clone PCR-
ampMed ITS fragments. Cloning followed the manufacturer's instructions, 
and individual clones served as templates for sequencing. Manual DNA 
sequencing was performed using Sequenase version 2.0 (Amersham), 
following the manufacturer's instructions, and electrophoresis in 1.2xTBE/ 
5% polyacrylamide gels (Long Ranger, FMC). In some cases, we used either 
an ABI PRISM 377 DNA Sequencer or an ABI PRISM 310 Genetic Analyzer 
(Perkin-Elmer) for automated sequencing. 
Data Antilyses. The 19 ndhF sequences generated were readily 
aligned by eye, because there was relatively little length variation and the 
inferred amino acid sequences provided sufficiently confident assessments 
of homology. ITS sequences were aligned using the module PILEUP of GCG 
(Program Manual for the Wisconsin Package, Version 8, Genetics Computer 
Group, Madison) and the resulting alignments were manually adjusted as 
necessary. 
PAUP version 3.1 (Swofford 1993) was used for most phylogenetic 
analyses. For the ndhF data set, BRANCH and BOUND searching was 
conducted using four different treatments of gaps: gapped regions omitted; 
gaps coded as missing; gapped regions omitted but added as presence/ 
absence characters; gaps coded as missing but added as presence/absence 
characters. In the ITS data set, gaps were coded as missing. Because of the 
large number of sequences in the ITS data set, HEURISTIC searches were 
necessary. To explore the possibility of multiple islands of trees (Maddison 
1991), we used 1000 random addition sequences, with TBR branch 
swapping and MULPARS on. Ten trees from each replicate were retained for 
subsequent searching using TBR branch swapping until completion. In 
addition to the ndhF and ITS data sets, we included and re-analyzed a 
matrix of cpDNA restriction site variation from an earlier study (Wendel and 
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Albert 1992). This matrix consists of data for a single outgroup taxon 
[Thespesia popidnea] and 39 Gossypinm species, each with 202 binary 
restriction site characters. 
Strength of support for each resolved clade was evaluated by 
generating decay indices (Donoghue et al. 1992), which express the number 
of step(s) that must be added to make each clade of interest disappear in a 
strict consensus of near-most-parsimonious trees. To obtain each decay 
index, we conducted searches for the shortest trees that failed to exhibit 
each monophyletic clade of interest (i.e., were constrained not to exhibit 
monophyly). The differences in tree length between the original and 
constrained searches represent the decay index. To facilitate these 
calculations, we used Autodecay version 3 (Eriksson, T. and N. Wikstrom, 
1995. AutoDecay ver. 3.0 [Computer program distributed by the authors). 
Botaniska Institutionen, Stockholm University. Stockholm.) in conjunction 
with PAUP. 
Because comparisons of trees generated by the three different data 
sets showed incongruence, we performed additional analyses in which taxa 
known or suspected to have a reticulate evolutionary history were excluded. 
The justification for these added analyses was to exclude obvious sources of 
phylogenetic incongruence from subsequent comparisons among trees 
generated from ndhF, ITS, and cpDNA restriction site data sets. Taxa to be 
excluded were chosen based on previous phylogenetic work, as follows: (1) 
Several species have strikingly incongruent matemsil and bi-parental 
phylogenetic placements, perhaps reflecting, in each case, plastome 
introgression or a bi-phyletic origin. These species are G. bickii (Wendel et 
al. 1991), G. cimrunghanui (Wendel and Albert 1992), and the Colima 
populations of G. aridum (DeJoode 1992; Wendel and Albert 1992). (2) Five 
Gossypinm species (G. hirsiLtum, G. barbadense, G. tomentosum, G. darwiniu 
and G. TmisteUnuiril are allopol5^1oids containing Asiatic "A" and American 
"D" nuclear genomes in an A-genome-like cytoplasm (Endrizzi et al. 1985: 
Wendel 1989). Intergenomic concerted evolution has homogenized A-
genome and D-genome sequences, thereby obscuring paralogy/orthology 
relationships (Wendel et al. 1995b). (3) Finally, we recently presented 
evidence docimienting an unusual recombinant history for G. gossypioides, 
involving intergenomic hybridization between A-genome and D-genome 
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This process was invoked to accotmt for a mosaic ITS sequence in G. 
gossypioides (Wendel et al. 1995a). In summary, nine species were 
excluded from some analyses. 
Incongruence between data sets was evaluated by inspecting 
topologies for conflict and strength of support for individual branches, and 
was quantified using two indices, I^p, the Mickevich-Farris index (Mickevich 
and Farris 1981), and I^,. hereafter the Miyamoto index (M. Miyamoto pers. 
comm. to Kluge 1989). Both indices may be interpreted as providing 
estimates of the proportion of characters that are in conflict between two 
data sets. Typically, the value of I^q- is roughly half that of I^, (Swofford 
1991; Kim and Jansen 1994). Both indices were calculated, as described in 
Swofford (1991), for all relevant pairwise comparisons among the ndhF, ITS, 
and cpDNA data sets. 
In addition to assessing overall conflict among data sets, specific 
topological alternatives were statistically tested for congruence using 
Wilcoxon Signed Rank fWSR) tests (Siegel 1956; Templeton 1983), which in 
the present context test whether one data set significantiy conflicts with an 
alternative data set. As discussed by Mason-Gamer and Kellogg (1996), 
WSR tests have several attractive features relative to other techniques for 
statistically testing incongruence between data sets, such as the topology-
dependent permutation tail probability test (Faith 1991) and the 
incongruence length difference test (Farris et al. 1995). Perhaps most 
important in this respect is the wide applicability of the WSR tests to 
topological levels ranging from entire trees to individual nodes. Thus, WSR 
tests allow statistical evaluation of incongruence on a local level. A potential 
limitation of these tests is that they take into accoxmt the number of 
characters exhibiting changes rather than differences in the number of 
steps. In principle, this may lead to situations where WSR tests are too 
conservative (failure to detect incongruence), for example, in cases where 
characters vary greatly in the number of steps between constraint trees and 
most-parsimonious trees. For instance, if five characters exhibit fewer steps 
and five require more steps, the WSR test statistic will be insignificant, 
regardless of how many total step differences are involved for the characters 
in question. In practice, this theoretical limitation is not problematic, as the 
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number of step differences for each character between shortest and 
constraint trees is typically low. 
WSR tests were conducted using PAUP. First, separate searches for 
the most-parsimonious trees were executed for each data set and separate 
strict consensus trees were calculated. Second, for each node or nodes of 
interest, the topology from one data set was used as a constraint for the 
alternative data set and a new tree search was conducted. Third, the list of 
character changes in trees obtained in both analyses was examined, and 
differences in the nimiber of steps required for individual characters were 
tabulated: some characters required fewer steps on the constraint tree while 
other characters required more steps. Finally, for each tabulation, WSR 
tests were implemented as described in Siegel (1956), and the associated 
probabilities were obtained from statistical tables (Gibbons 1985; Harter 
and Owen 1970). 
In performing the WSR tests, we followed the recommendations of 
Mason-Gamer and Kellogg (1996) and Kellogg (pers. comm.) and used 
"conservative" constraint trees, i.e., those that were resolved only to the 
extent necessary to test the node of interest. For example, if one data set 
yields a phylogeny (OG.(((a,b),((c,d),e)),((f,g).((h.i),(j.k))))), and one wishes to 
evaluate whether (a,b) is sister to (c,d,e), the appropriate constraint is 
((a,b),(c,d,e)). If, on the other hand, the node of interest is "a through e" 
monophyly, the appropriate constraint would impose no internal structure 
for this clade, and therefore would be (a,b,c,d.e). 
RESULTS 
Variation in ndhF. After eliminating regions corresponding to the 
amplification primers, which correspond to coordinates 114,183 - 114,164 
and 112,179- 112,154, respectively, of the tobacco gene (Shinozaki et al. 
1986, as corrected by Ohnstead et al. 1993), and two small regions of poor 
resolution (coordinates 114,129 - 114,124 and 114,150 - 114,148), 
sequences corresponding to 2058 nucleotides of the tobacco ndhF gene 
(114,162 - 112,180, less 112,686 - 112,684 and 112,647 - 112,645) were 
generated. The 19 sequences were easily aligned by eye with the 
introduction of five in-firame gaps, eiU either one or two codons in length. 
The homoplasious two-codon insertion "b" (Figs 1, 2) is associated with a 
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short direct repeat, as also reported in the Asteraceae (Kim and Jansen 
1995) and Solanaceae (Olmstead and Sweere 1994). This suggests a 
possible mechanistic basis for the observed homoplasy (see also Kelchner 
and Wendel 1996). Acconmiodating the gaps in the Gksssj^ieae data set 
lengthened the matrix by a total of 12 nucleotides, resulting in a final 
matrix of 19 rows and 2070 columns. 
Within the Gossypieae, excluding polymorphisms introduced by gaps, 
127 sites (6.1%) were variable, of which more than half (59.8%) were third 
codon positions (76 sites). An additional 22.1% and 18.1% of the variable 
positions were at first and second codon positions (28 and 23 sites, 
respectively). Approximately one-third of the 127 variable characters were 
potentially phylogenetically informative (46 sites). For the gene as a whole, 
2.2% of the characters yielded potentially phylogenetically informative 
variation in the tribe, compared to 4.8% in the Solanaceae (Olmstead and 
Sweere 1994), 16.8% in the Asteraceae (Kim and Jansen 1995), 19.6% in 
the Acanthaceae (Scotland et al. 1995), 22.9% in the Poaceae (Clark et al. 
1995), and 26.0% in the Scrophulariaceae (Olmstead and Reeves 1995). 
Variability in ndhF is approximately 1.4 times as high in the 3' half of the 
gene as in the 5' half of gene (74 vs. 53 sites), with a slightly greater bias (29 
vs. 17) for sites that are potentially phylogenetically informative (Fig. 1). 
This distribution pattern of variable and potentially informative sites is 
similar to that observed in other studies, although the bias for increased 
variability in the 3' half of the gene is often greater. As shown in Fig. 1, the 
insertions/deletions (indels) observed in the Gossypieae also occur in the 3' 
half of the gene, consistent with tendencies observed in other families 
(Olmstead and Sweere 1994; Clark et al. 1995; Kim and Jansen 1995). 
Averaged across all pairwise comparisons in the tribe, synonjrmous 
substitution (Kg) rates per 100 sites equal 2.7, whereas nonsynonymous 
substitution (KJ rates are 0.8. Total substitution (Kq) rates average 1.23 
among the 17 ingroup sequences. To place the magnitude of these 
estimates in a comparative context we computed substitution rates for rbcL 
using a subset of the taxa sampled for ndhF: Thespesia poptdnea (Genbank 
no. LO1961); Gossypium robinsonii (L13186); Gossypiirnihirsutum [M77700]: 
and Gossypium anomalum and Gossypium dauidsorm (unpublished data). 
As shown in Table 2, substitution rates for all three classes of nucleotide 
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substitution are generally comparable for ndhF and rbcL. In comparisons 
involving G. robinsorui and G. anomahmi, however. Kg is lower for ndhF 
(0.21) than for rbcL (1.5). The overall similarity of substitution rates for 
ndhF and rbcL contrasts with expectations based on higher substitution 
rates found in other studies (e.g.. in the Asteraceae; Kim and Jansen 1995). 
Percent GC contents for the two genes are nearly identical in the two 
families (32.3% and 44.0% for ndhF and rbcL, respectively). 
Phylogenetic analysis of ndhF sequences. For phylogenetic 
analyses, trees were rooted using sequences from Hibiscus costatus and 
Anoteajlamda, both in combination and individually, so that ingroup 
stability could be assessed relative to outgroup choice. In all analyses, 
ingroup topology was not affected by outgroup selection, and the alternative 
outgroup was never nested within the ingroup. This latter result provides 
support, cJbeit weak due to the limited sampling, for a monophyletic tribe 
Gossypieae. For aH analyses discussed here, both outgroup taxa were used 
to root trees. 
Character-based phylogenetic analyses were conducted in four 
separate analyses that varied according to treatment of gaps. In the first 
sinalysis, where gapped positions were treated as missing data, 15 most-
parsimonious trees were recovered (114 steps; CI = 0.83; RI = 0.90). In this 
analysis, the placement of Cienjuegosia tripartita was uncertain, and is 
shown in Fig. 3 (top) as variously resolving at positions denoted by A, B or 
C. In each of these trees, Thespesia thespesioides resolved as sister to 
Lebronnecia kokioides at the terminal denoted by the letter i (Fig. 3). In 
topology "A-i", Cienjuegosia tripartita represents the basal clade of the tribe, 
whereas in the other two topologies Cienfuegosia is sister to groups of three 
genera, either Gossypium, Gossypictides and Kokia ("B-i") or Thespesia, 
Hampea, and Lebronnecia ("C-i"). For each of these three differing 
placements of Cienjuegosia, five alternative arrangements were foimd within 
the genus Gossypium (G1-G5. inset of Fig. 3). 
In the second analysis, gapped positions were excluded from the data 
matrix. Twelve most-parsimonious trees were recovered (113 steps: CI = 
0.83; RI = 0.90). with topologies identical to topologies A-i, B-i. and C-i. For 
each of these topologies, four different arrangements were foimd in 
Gossypium, corresponding to Gl. G2. G3. and G5 in the inset of Fig. 3. 
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Thus, the trees resulting from this analysis represent a subset of those 
recovered in the first analysis. 
In the third analysis, in which gaps were added to the data matrix as 
presence/absence characters in addition to being coded as missing data, 
ten most-parsimonious trees were discovered (121 steps; CI = 0.80; RI = 
0.88). In each of these 10 trees, Cienfiiegosia tripartita occupied position A, 
but the placement of Thespesia thespesioides was unstable, appearing 
either at position i or ii ("A-ii"). The ten most-parsimonious trees represent 
two sets of five trees (A-i and A-ii) corresponding to five different 
arrangements in Gossypium, shown as Gl, G3, G4, G5, and G6 in the inset 
of Fig. 3. 
In the fourth and final analysis, gaps were coded as presence/absence 
characters, but the gapped positions were excluded from the data matrix. 
As with the third analysis, 10 shortest trees were found (120 steps; CI = 
0.80: RI = 0.88), corresponding to five each for topologies A-i and A-ii. For 
each of these two topologies, five different arrangements were observed in 
Gossypium (Gl, G2, G3, G5, and G6). 
Three of the five gaps introduced into the aligned sequences (gaps a, 
d, and e. Fig. 2) appear to represent autapomorphic rndels. Regardless of 
the topology chosen in Fig. 3, gap a is explained as a two-codon insertion in 
the lineage leading to Cienjuegosia tripartita. Gaps d and e are ambiguous 
with respect to polarization in that they each occur in only one of the two 
outgroup taxa (gap d in Hibiscus costatus; gap e in Anoteajlavida). Gap c 
seems most-parsimoniously interpreted as a synapomorphic two-codon 
deletion for all genera in the tribe except Cienjuegosia. Indeed, trees in 
which Cienfuegosia tripartUn. is basal within the tribe (A-i and A-ii in Fig. 3) 
require only a single step for this character, whereas two steps (a basal 
deletion in the ingroup followed by an insertion in the Cienfaegosia. tripartita 
lineage) are required in trees where Cienfuegosia tripartita occupies 
positions B or C. Thus, this single gap, considered in isolation of other 
data, constitutes evidence for a basal phylogenetic position of Cienfuegosia 
within the tribe. 
The fifth and final gap (gap b) is homoplasious regardless of the 
topology selected for mapping the character. In trees where Thespesia 
thespesioides is at position ii, fewer steps are required than in trees where 
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this taxon is at position i. If this observation reflects an actual most-
parsimonious history, then gap b is interpreted as a two-codon insertion in 
the clade consisting of Hampea and Lebromiecia and an independent 
insertion in the lineage leading to Gossypium, Gossypioides, and Kokia. In 
addition, it appears that there have been several reversals within 
Gossypium, specifically in the ancestors of the A-genome, B-genome, and 
E-genome taxa. In this respect, each of the six arrangements in Gossypium 
(G1 through G6, Fig. 3) require three steps for gap b. We infer that the 
codon positions represented by gap b are evolutionarily highly labile within 
the tribe. 
In summary, the gap information provides supporting evidence, albeit 
somewhat scanty, for the trees in which Cienjuegosia tripartita occupies 
position A and Thespesia thespesioides occupies position ii. Thus, tree A-ii, 
in which Cienjuegosia is basal and T. thespesioides is sister to Hampea/ 
Lebrormeda, is the preferred resolution on the basis of information 
presently available. 
Notwithstanding the several ambiguities, all topologies recovered, 
regardless of gap treatment, agree with respect to a nimaber of cladistic 
events. The most noteworthy of these are: (1) Gossypium is monophyletic; 
(2) Kokia is sister to Gossypioides: (3) Gossypium shares a most recent 
common ancestor with the clade consisting of Kokia and Gossypioides, with 
these three genera composing one of two monophyletic generic groupings in 
the tribe: (4) Hampea, Lebronnecia, and Thespesia are suggested to be a 
second monophyletic grouping of genera in the tribe; and (5) although 
sampling was limited, Thespesia appears not to be monophyletic. 
With respect to relationships within the genus Gossypium, as many as 
six alternatives were revealed by the various analyses. All of these indicated 
that the clade consisting of A-J^D-, and F-genome species is monophyletic, 
and that the B- sind C-genome groups represent sister taxa. Other 
relationships within the genus are ambiguous. 
We conducted distance-based phylogenetic analyses using neighbor-
joining trees and a matrix of Kimura two-parameter distances derived from 
the ndhF data. Regardless of how gaps were treated in these analyses, a 
topology was obtained (Fig. 3, bottom) that exhibits many similarities to 
trees recovered from the character-based analyses. In particular, all five 
21 
conclusions enumerated for the character-based analyses are supported by 
the neighbor-joining results. In addition, the depiction shown highlights 
the existence of some short interior branches, echoing the phylogenetic 
instability observed for the placement of CienfuegosicL and for relationships 
among species groups in GossypiuiTL 
Variation in ITS. We previously presented ITS sequences from 24 
species of Gossypium, mostly from A-, D-, and AD-genome species CWendel 
et al. 1995a, 1995b). In this work absolute lengths of the spacer region 
(ITSl + 5.8S gene + 1X82) varied from 669 bp to 685 bp, with an aligned 
length of 687. In the present study. 39 new sequences were generated from 
33 species not represented in the earlier studies and including all genera in 
the tribe except for Cephalohibiscus CTable 1). Incorporating these new 
sequences lengthened the aligned data base to 729 bp. Excluding gaps, the 
entire ITS region varied from 588 nucleotides in Hampea appendicidata to 
689 bp in Gossyptum londonderriense, with most sequences being 682-684 
bp in length. Most alignment gaps were 1 bp in length: 22 in ITSl; 1 in the 
5.8S gene; and 9 in ITS2. Five additional gaps ranged from 2 - 4 bp in 
length. The final data matrix consisted of 64 rows (sequences) and 729 
columns (characters). Alignment of ITS sequences from aU ingroup taxa 
was straightforward, but was problematic when ITS sequences from the two 
outgroup taxa were included. This experience suggests that homologies in 
some parts of the sequence may be sufficiently uncertain to preclude the 
use of this region for family-wide studies in the Medvaceae. 
Aligning the ITSl region resulted in a matrix 321 nucleotides in 
length, with absolute lengths ranging from 218 bp (in Hampea 
appendiculata) to 297 bp (in Thespesia poputiedi. Sequences from most 
species of Gossypium, Lebronnecia kolcioides, Gossypioides kirkii, Kokia, and 
Anotea Jlauidawere near the upper end of this range (293-295 bp), whereas 
those from the remaining taxa in the Gossypieae and from the outgroup 
taxon Hibiscus costatiis were considerably shorter (264-268 bp). Most 
length variation in ITSl was due to 41 and 36 bp gaps near the 5' end of the 
sequence from Hampea appendicidata (Fig. 4. top panel), and to a 36-bp gap 
in Cienfuegosiaand Thespesia sect. Lampas (Fig. 4. middle panel). 
Sequencing of the 5.8S gene was incomplete for some taxa. in that 
approximately 40 bp surrounding the primer annealing sites was not 
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sequenced. Absolute lengths for the complete sequences varied from 
164-168 nucleotides, with an aligned length of 169, One four-bp gap was 
due to an apparent insertion in Lebronnecia. kokioides and a single one-bp 
gap reflects an additional putative insertion in Hibiscus costatus. Apart 
from these anomalous sequences, all other 5.8S genes fully sequenced were 
164 bp long. 
Absolute lengths for the ITS2 region varied from 206 bp in Hampea 
appendiculata to 229 bp in Kokia, with most sequences being 224 - 225 
nucleotides in length. Most of the length variation was due to a 15 bp gap 
near the begtmiing of ITS2 in Lebronnecia kokioides, Thespesia sect. 
Lampas, and Hampea appendiculata (Fig. 4, bottom panel) and a second 15 
bp gap at the end of ITS2 in several species of Gossypium (Wendel et al. 
1995a). Aligned sequences were 239 nucleotides in length. 
A high degree of variation exists in the spacer regions. Excluding 
outgroup sequences, approximately one-third of all positions exhibited 
nucleotide poljmiorphisms in ITSl (108/321 = 33.6%) with a slightly higher 
percentage in ITS2 (104/239 = 43.5%). Of this variation, 73 (22.7%) and 67 
(28.0%) of the characters in ITSl and ITS2. respectively, were potentially 
phylogeneticaUy informative. In contrast to this high variability, the 5.8S 
gene was strongly conserved in sequence and provided only five potentially 
phylogeneticaUy informative characters. For the entire ITS region, 30.7% 
(224) of the 729 aligned nucleotide positions were variable, of which two-
thirds (145) were potentially phylogeneticsdly informative. 
Phylogenetic cmatysis of US sequences. Phylogenetic analysis 
yielded 4212 most-parsimonious trees, each 706 steps long with 
consistency and retention indices of 0.57 and 0.79, respectively. As was the 
case with analysis of the ndhF data, the phylogenetic position of 
Cienfuegosia is ambiguous with respect to the ITS data, although in this 
case only two different placements appeared In the suite of most-
parsimonious trees. In approximately 85% of the trees, Cienfuegosia. is 
basal within the tribe (at position "a" in Fig. 5; topology a hereafter). In the 
remaining 15% of the trees, Cienfuegosia occupies position b in Fig. 5 
(topology b hereafter), still a relatively early divergence within the tribe, but 
subsequent to the separation of the clade consisting of Hampea, 
Lebronnecia, and Thespesia sect. Lampas. Although the position of 
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Cienjuegosia at a in Fig. 5 was also recovered in the ndhF-hased tree (Fig. 
2), the other position for Cienfiiegosia in Fig. 5 (position b) was only 
observed in ITS-based trees. 
In addition to uncertainty regarding the position of Cienjuegosia, 
other cladistic patterns resulting from the ITS data parallel those derived 
from the ndhF analyses. Specific points of agreement at the generic level 
include: (1) Gossypium is monophyletic and derived within the tribe; (2) 
Kokia is sister to Gossypioides; (3) Gossypium shares a most recent 
common ancestor with the clade consisting of Kokna and Gossypioides, with 
these three genera constituting a monophyletic generic grouping; (4) 
Thespesia appears not to be monophyletic; and (5) Hair^ea, Lebronnecia, 
and Thespesia sect. Lampas also comprise a monophyletic generic grouping. 
In contrast to this broad agreement between the ndhF- and ITS-derived 
phylogenies, there are two notable differences. The first regards the 
position of Cienfuegosia, as discussed. Second, in ndhF-hased trees, T. 
populnea is sister to the Hampea/Lebronnecia/T. lampas clade, but in trees 
based on ITS sequences, T. populnea is sister to the Gossypium/Kokia/ 
Gossypioides clade. 
Gossypium was the most intensively sampled genus, with 52 
sequences generated. Four alternatives were evident in the 4212 most-
parsimonious trees for relationships among the major genomic groups: in 
topology a, E-genome species were located at one of the positions denoted 
by i through iv in Fig. 5. whereas in topology b, E-genome species resolved 
at positions i or iii or iv. All trees supported an early divergence of Asian-
African A-, B-, and F-genome species followed by separation of the New 
World, D-genome species from the clade consisting of Australian, C-genome 
species and African, E-genome species. Of the five AD-genome species, four 
occurred within the D-genome clade whereas the other (G. mustelinumHi was 
nested within the A-genome clade, consistent with earlier results (Wendel et 
al. 1995a). 
Combined caialysis in the Gossypieae. Two strictly parallel data 
sets, one from the plastid genome (ndhF) and one from the nuclear genome 
(ITS), were generated by pruning the accessions from the ITS data set for 
which we had no ndhF sequences. For ndhF, the strict consensus of the 15 
shortest trees found when gaps were coded as missing is shown in panel A 
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of Fig. 6. We chose t±iis consensus over those derived from other gap 
codings because results from each of the four analyses were so similar (Fig. 
2). As shown in Fig. 6, two areas of ambiguity are identified in the 
consensus, resulting in pofytomies for the basal divergence in the tribe 
(drawn as a trichotomy for Cienfuegosia, LebroTuiecia/Thespesia/HampecL 
and Gossypioides/Kokia/Gossypiimii, and for relationships among genomic 
groups in Gossypium. 
For ITS. four most-parsimonious trees were found, each 487 steps 
long with consistency and retention indices of 0.61 and 0.60. respectively 
(uninformative characters excluded). The strict consensus derived from 
these trees is shown as panel B in Fig. 6. As with the ndhF data, one of the 
two trichotomies in this strict consensus reflects ambiguity concerning the 
basal divergence in the tribe, although in this case Thespesia populnea is 
resolved as sister to the Gossypioides/Kokia/Gossypium clade rather than 
as a part of a Lebronnecia/Thespesia thespesioides/Hampea clade. The 
other trichotomy is among taxa in this latter clade. 
A combined data set was formed by merging the ndhF and ITS data. 
Phylogenetic analysis of this combined matrix led to the recovery of four 
shortest trees (L = 618, excluding uninformative characters: CI = 0.63; RI = 
0.65), the strict consensus of which is shown in panel C of Fig. 6. As was 
the case for trees obtained from analyses of the separate data sets, a basal 
polytomy is evident, reflecting ambiguity in the divergence order for 
Cienfiiegosia, Lebronnecia/Thespesia thespesioides/Hampea, Thespesia 
populnea and Gossypioides/Kokia/Gossypium. This polytomy actually 
reflects two separate ambiguities, one concerning the basal clade 
[Cienfuegosia or Lebronnecia/Thespesia thespesioides/Hampedl and the 
other the position of Thespesia populnea (sister to Gossypioides/Kokia/ 
Gossypium or Lebronnecia/Thespesia thespesioides/Hampea!!. In addition, 
the trichotomy for Lebronnecia/Thespesia thespesioides/Hampea found in 
the rrS-derived consensus is retained in the consensus derived from the 
combined analysis. A third ambiguity is for relationships among genomic 
groups in Gossypium, as shown. 
A number of phylogenetic inferences are supported by both separate 
and combined analyses. These include: (1) evidence, albeit tentative due to 
the limited sampling outside the tribe, for monophyly of the Gossypieae: (2) 
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the close relationship among Lebronneda, Thespesia thespesioides and 
Hampea: (3) the sister-taxon relationship between Gossypioides and Kokia: 
(4) the sister-taxon relationship between the Gossypioides/Kokia. clade and 
Gossypium; and (5) the monophyly of GossypiunrL Branch support, as 
measured by minimum character number and decay indices, is high for 
most of these inferences (Fig. 6). thereby suggesting that they are robust. 
Congruence and incongruence in the Gossypieae, Many areas of 
agreement are apparent between the ndtiF and FTS topologies. Character 
incongruence was quantified using the incongruence indices and I^,, as 
summarized in Table 3. These are modest estimates in comparison to other 
data sets (e.g., Kim and Jansen 1994; Omland 1994). 
As discussed above under Data Analysis, previous phylogenetic work 
has documented a number of examples of reticulation in the genus 
Gossypium. To explore the effect of these obvious sources of character 
incongruence on the incongruence indices, we recalculated and I„ after 
excluding the reticulate taxa (Table 3). These changes had no effect on the 
ndhF-, ITS-, and combined phylogenies, but incongruence indices sharply 
decreased to 0.026 and 0.095 for and 1^. respectively. Furthermore, 
when the B-genome species Gossypium anomalum was excluded along with 
the known or suspected reticulate taxa (due to the different placement in 
ndhF and FTS trees; see Fig. 6 trees A and B), I^p and were decreased to 
very low values, viz., 0.011 and 0.033, respectively. 
In addition to quantifying character incongruence, we used WSR tests 
to examine specific points of incongruence between the data sets. These 
tests are summarized in Table 4, for nodes illustrated in Fig. 6. When all 
taxa are included, each data set rejects the consensus tree derived from the 
alternative data set, and the ndhF data set also rejects the strict consensus 
tree from combined data set. When the a priori sources of incongruence 
(i.e., reticulate taxa) were removed, however, neither data set rejects the 
topology reflected in the strict consensus derived from the alternative data 
set. This effect is most evident when Gossypium anomalum was excluded as 
well (Table 4, part IC). 
To obtain information on the specific nodes causing incongruence, 
tests of individual branch points were conducted and compared for analyses 
done with and without the reticulate taxa. As shown in Table 4, both the 
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rrs and ndhF data sets statistically reject (by WSR tests) resolutions in the 
alternative trees only for some nodes in Gossyptum and only when all taxa 
are included in the analysis. When reticulate taxa are excluded, the only 
significant value (p = 0.02) is obtained when ITS data are used to test the 
monophyly of (B + C)-genome Gossyptum indicated in the ndhF-derived 
consensus. When the B-genome species, G. anomahun, is also excluded 
from the data sets, the statistical incongruence between data sets 
disappears. These analyses demonstrate that (1) significant incongruence 
between the ITS and ndhF data sets arises exclusively from character 
conflict in Gossyptum rather than from conflict in other genera (cf. Table 4); 
and (2) that the taxonomic sources of incongruence may be identified by 
phylogenetic and statistical analysis. 
Combined ancLtysis in the Genus Gossypiitm. Two parallel data 
sets were available for Gossyptum the ITS data reported here and the 
cpDNA restriction site data of Wendel and Albert (1992). Reanalysis of the 
latter data yielded the same four shortest trees reported earlier, each 161 
steps long (excluding uninformative characters) and with consistency and 
retention indices of 0.84 and 0.81, respectively. In all four trees, species 
belonging to the same cytogenetic (genomic) group are monophyletic and 
most of these monophyletic groups have high decay indices and character 
support. The cpDNA data also support the notion that the C-genome clade 
diverged first from the remainder of the genus. In general, phylogenetic 
trees derived from cpDNA restriction site data agree well with traditional 
taxonomic views at the sectional or subsectional levels (Fryxell 1979, 1992; 
as discussed by Wendel and Albert 1992). Notable differences among the 
trees concern the positions of B- and F-genome species. With respect to the 
former, the B-genome clade resolves either as the sister taxon to the D-
genome clade or forms a trichotomy with the D-genome clade and the clade 
consisting of A-, AD-, E-. and F-genome species. Ambiguity involving the 
lone F-genome species (G. longicdty^ is due to its placement as the sister 
taxon to either the A-genome + AD-genome clade or to the E-genome clade. 
Because of these instabilities, there is incomplete resolution in the strict 
consensus (panel A of Fig. 7). 
Phylogenetic analysis of ITS sequences from the same taxa as those 
included in the cpDNA restriction site data set resulted in 90 most-
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parsimonious trees (L = 222, excluding uninformative characters; CI = 0.63; 
RI = 0.53), the strict consensus of which is shown in panel B of Fig. 7. As 
with the cpDNA-derived trees, all genomic groups appear as monophyletic, 
once G. gossypioides (Wendel et al. 1995a) and the allopolyploids (Wendel et 
al. 1995b) have been justifiably removed from consideration. Most of the 
differences among the 90 shortest trees were alternative resolutions within 
several terminal species groups, which are, accordingly, shown as 
unresolved in the strict consensus. In addition, relationships among A-. B-. 
and F-genome species groups were ambiguous, as were branch orders for 
C- and E-genome species groups. 
There are many areas of agreement between the ITS- and cpDNA-
based phylogenies, and several striking incongruences as well. Some of 
these were expected; for example, allopolyploid Gossypium species contain 
an A-genome C5^oplasm (Wendel 1989), and hence, the position of the 
allopolyploid species is expected to differ in trees based on maternally 
inherited (plastid) and biparentsdly inherited (nuclear) markers. Other 
differences, however, are not as readily explained, such as differences In the 
placement of the B- and E-genome species and relationships among species 
groups within the C- and D-genome clades. When the ITS and cpDNA data 
sets are combined, phylogenetic analysis yields 10 most-parsimonious trees 
(L = 468; CI = 0.59; RI = 0.85). The strict consensus of these (panel C, Fig. 
7) demonstrates that the differences between the two sources of data 
conflict to such an extent that there is a near-complete loss of resolution 
among genomic groups. All ten trees agree that the C-genome clade is basal 
to the rest of the genus, but no other bifurcations among genome groups are 
supported. 
When all taxa known or suspected to have reticulate histories were 
excluded from the data sets, there were no significant topological changes in 
either the cpDNA- or FTS-based phylogenies regarding relationships among 
the remaining taxa. However, the numbers of most-parsimonious trees 
changed. With the cpDNA restriction site matrix, eight most-parsimonious 
trees were discovered instead of four (L = 137; CI = 0.83; RI = 0.96); a strict 
consensus of these trees is shown in panel A of Fig. 8. In constrast to the 
increase in number of shortest trees detected when the cpDNA restriction 
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site data were anal5rzed, the ITS data jrlelded only 12 shortest trees (L = 179; 
CI = 0.68; RI = 0.85) when reticulate taxa were excluded, 78 fewer than 
when they were included. The strict consensus of these 12 trees is shown 
in panel B of Fig. 8. 
Not surprisingly, when the ITS and cpDNA data were combined and 
reticulate taxa were excluded, phylogenetic analysis led to greatly enhanced 
resolution compared to the trees obtained when reticulate taxa were 
included (Fig. 7, panel C vs. Fig. 8, panel C). As shown in Fig. 8, only one 
shortest tree (L = 342) was found, with a fully resolved phylogeny of genomic 
groups in the genus, and with somewhat higher consistency and retention 
indices than when reticulate taxa were included (CI = 0.70 vs. 0.59; RI = 
0.89 vs. 0.85). Several noteworthy phylogenetic inferences may be drawn 
from this tree: the monophyly of each of the diploid genome groups A 
through F. the basal position of the C-genome clade, and the non-
monophyly of the African species (A-, B-, E-, and F-genomes) in their 
entirety but the collective monophyly of three (A, B, F) of the constituent 
groups. In addition, branch support nimibers and decay indices for most 
genomic groups are relatively high, although we note that support is weak 
(decay index = 1) for the bifurcation of the E- and the (A + F + B + D)-
genome clades, as well as for the clade uniting the D- with the (A + F + B)-
genomes. The combined data set does not strongly support this particular 
resolution of basal relationships among genomic groups, despite the 
complete resolution and the high retention index. 
Congruence and incongruence in Gossypium. The I^p and 1^ show 
that the cpDNA and ITS data sets are highly incongruent (Table 3). 
Eliminating reticulate taxa from the data sets resulted in a decrease in the 
incongruence estimates (to 19.6% and 53.7% for I^p and I^,, respectively), 
although these values indicate that character conflict remains in the pruned 
data sets. 
In an effort to isolate the nodes responsible for the conflict, WSR tests 
were conducted, as simmiarized in Table 4 for the nodes illustrated by 
roman numerals in Figs. 7 and 8. As expected, most tests returned low 
(significant) probability values when all taxa were included. When the nine 
known or suspected reticulate taxa were excluded, most of the incongruence 
dissipated, although the WSR tests indicate that the cpDNA and ITS data 
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sets retain significant incongruence. Specifically, the cpDNA data strongly 
reject the ITS strict consensus tree and weakly reject three other 
relationships shown in the ITS consensus tree: monophyly for the (C + E + 
D)-genomes: basal divergence of the (A + B + F)-genome clade; and the sister 
taxon status for Sections Sturtia and Hibiscoidea in the C-genome clade. 
The cpDNA data fail to reject, but just barely (p = 0.06), the combined tree. 
Similarly, the ITS data are statistically incongruent with the cpDNA strict 
consensus tree: the strict consensus derived from the combined data set: 
and monophyly of the (A + E + F)-genomes, as observed in the cpDNA-based 
tree. We note that the FTS data fail to reject monophyly for the (A + E + F + 
B + D)-genome clade and also fail to reject the basal separation of the C-
genome clade, both of which represent strongly supported inferences in the 
cpDNA-based consensus tree. 
DISCUSSION 
Congruence and incongruence in the Gossypieae. In this study, 
two data sets were used to explore cladistic relationships in the Gossypieae, 
one from the plastid genome {ndhF: Fig. 2) and one from the nuclear 
genome (ITS: Fig. 5). A comparison of the phylogenies inferred from these 
two data sets shows that they are largely congruent, even with respect to 
the ambiguity of resolution near the root of the trees. When the data sets 
are pruned so that only taxa in conmion to both are included in the 
analyses, only two areas of incongruence are evident (Fig. 6), one for 
relationships among genomic groups in Gossypium, and the other 
concerning the placement of Thespesia populnea (either as sister to the 
Gossypioides/Kokia/Gossyptum clade or to the Lebronnecia/Thespesia 
thespesioides/Hampea clade). 
Even though the two data sources returned nearly congruent 
topologies, and hence low incongruence indices (Table 3), the question 
arises as to how to evaluate and analytically treat the incongruence that is 
observed. Because incongruence may be either "real", that is, reflective of 
one or more imderlying biological phenomena, or "spurious", meaning that 
it arises from insufficient data or some other unknown artifact, the strategy 
we adopted was to evaluate whether there is sufficient evidence to conclude 
that the observed incongruence is real, prior to seeking underlying biological 
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explanations or making decisions about pruning particular taxa for 
combined analyses. To accomplish this, we used routine methods for 
evaluating the robustness of clades (chciracter support, decay indices) in 
addition to quantitative methods for measuring incongruence and testing its 
statistical significance. This process allowed the primary contributors to 
overall incongruence to be identified and, if desired, pruned prior to 
conducting a combined analysis. 
With respect to generic relationships within the Gossypieae, this 
strategy demonstrated that the different positions occupied by Thespesia 
populnea in the ndtiF (Fig. 6A) and ITS (Fig. 6B) trees are statistically 
equivalent, as judged by the results from the Wilcoxon Signed Rank tests 
(Table 4). Specifically, ITS data set fail to reject the Lebronnecia/Hampea/ 
Thespesia monophyly observed in the ndhF tree (node i in part I of table 4; 
p = 0.37), and the ridhF data fail to reject the arrangement observed in the 
rrS tree (node iv in part 1 of table 4; p = 0.25). Thus, there is insufficient 
evidence to conclude that the placement of Thespesia popidnea differs 
significantly in the two phylogenies, and accordingly, we conclude that the 
two data sets do not disagree. 
The second area of potential incongruence between the two data sets 
is for genomic relationships within Gossypium. In this case, WSR tests 
return a nimiber of significant results when each data set is used in 
combination with constraint trees derived from the other data set (Table 4). 
Among the several possible causes for this is the inclusion of reticulate taxa 
in the analyses. As discussed above, a nimiber of taxa included in the 
study were expected to resolve differently in phylogenetic analyses based on 
maternally inherited and biparentally inherited characters, because of 
allopolyploidy (Wendel 1989), recombinant histories (Wendel and Albert 
1992) or interlocus concerted evolution (Wendel et al. 1995b). When these 
"reticulate taxa" (in this case G. amrdngharnii, G. hirsutiim, and G. 
barbadense) are removed from the data sets, the inferred phylogenies 
remain the same (except for the excluded taxa) for both ndhF and ITS. but 
the total amount of incongruence between the two data sets is reduced 
sharply to relatively low values (0.229 to 0.096 and 0.079 to 0.026 for 
and IMP, respectively; Table 3). Moreover, the incongruence between ndhF 
and rrS data sets for specific nodes, as measured by WSR tests, is nearly 
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eliminated. These results confirm that the previously described organismal 
or molecular reticulation is the primary cause of incongruence between the 
ndhF and ITS data sets. 
Although incongruence indices are reduced to low levels when the 
reticulate taxa are excluded, not all incongruence disappears. In addition, 
WSR tests show that the ndhF node showing (B + C)-genome monophyly is 
rejected (p = 0.02) by the ITS data set. In this case, the offending taxon 
appears to be the B-genome species, G. anomalum. When G. anomalum was 
excluded from the analyses, both data sets are nearly perfectly congruent 
(Im and Imp = 0.033 and 0.011, respectively; Table 3). Although WSR tests 
were not performed for all nodes of trees inferred from the ndhF and ITS 
data sets, no significant values were obtained for any of those nodes tested 
when all reticulate taxa and G. anomjcdnm were excluded. 
In summary, the ndhF and rrS data sets are highly congruent with 
respect to relationships among genera, and are nearly congruent for 
Gossypium once reticulate taxa are excluded. This topological agreement 
suggests that a combined analysis of a single pooled data set will lead to the 
best estimate of phylogeny given the available data (Bull et al. 1993). 
Because Gossypium is discussed in detail below and because generic-level 
relationships are not affected by the inclusion or exclusion of reticulate taxa 
in Gossypium (not shown), the topology obtained from combined analysis is 
captured in the strict consensus shown in Fig. 6C. This topology retains 
considerable resolution and reflects what we believe are six noteworthy 
phylogenetic inferences. 
First, insofar as it has been evaluated, the Gossjrpieae is 
monophyletic. The molecxilar data, therefore, support and augment the 
morphological synapomorphies of punctae or pigment glands that 
synthesize terpenoid aldehydes (collectively referred to as "gossypol"), and 
the cotyledonary and seed coat characters described by Fryxell (1968). 
Second, even though the ndhF, ITS and combined data sets resulted 
In ambiguity with respect to the earliest divergence In the tribe (Fig. 6). we 
suggest that the lineage now represented by Cienjuegosia represents the 
descendants of one of the two basalmost branches. The only phylogenetic 
evidence in support of this suggestion, as far as we know, is the presence of 
a two-codon insertion in ndhF (gap c; Fig. 3) foxmd in Cienjuegosia. and the 
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outgroup taxa but not in other ingroup taxa. If this gap is included in 
phylogenetic analysis, the basal polytomy disappears and Cienfuegosia. 
becomes sister to the remainder of the tribe. In addition to this 
phylogenetic character, we note that Cienfuegosia is phenetically "...the 
genus most isolated from the remainder of the genera [in the Gossypieae]..." 
(Fryxell 1979, p. 211) and that its members have chromosome numbers (2n 
= 20, 22) that are not found elsewhere among related genera (2n = 24, 26). 
Third, all analyses indicate a close relationship among Hampea, 
Lebrormecia, and Thespesia sect. Lampas, although this relationship is 
unresolved in the combined analysis (Fig. 6). We are aware of no previous 
suggestion that these three taxa are more closely related to each other than 
they are to other genera in the tribe, and we were unable to discern a 
morphological sjniapomorphy for the molecular clade. 
Fourth, although sampling was minimal, Thespesia is not 
monophyletic in our analyses. Instead, Thespesia appears as either 
paraphyletic to Hampea and Lebrormecia (ndhF phylogeny) or polyphyletic 
(ITS and combined phylogenies). Our results reinforce the previous 
recognition of "...a discontinuity at the sectional level separating...section 
Thespesia and section Lampas..." (Fryxell 1979, p. 100). 
Fifth, and remarkable given their geographic ranges, the East African 
- Madagascan genus Gossypioides is sister to the Hawaiian endemic genus 
Kokia. This inference appears to be robust, as decay indices and character 
support nxmibers for this clade are high in all analyses. Although we are 
aware of no unifying morphological feature for this clade, the two genera are 
close phenetically (Frj^ell 1979, p. 214) and they share a somatic 
chromosome number of 24. Chromosome numbers have been difficult to 
polarize within the tribe due to the wide variation in numbers reported in 
the Hibisceae and Malvavisceae. Given the robust observation of a 
Gossypioides-Kokia clade, however, it seems probable that 2n = 24 is a state 
derived from a single aneuploid reduction in an ancestor with 26 
chromosomes, as presently found in Gossypium, Hampea and most of 
Thespesia If this scenario reflects actual history, a synapomorphic loss of 
one pair of chromosomes would have occurred in the lineage leading to 
Kokia and Gossypioides after the divergence of the branch leading to 
modem Gossypiimru The most parsimonious mechanisms are either the 
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fusion of two nonhomologous chromosomes or the loss of a chromosome 
pair from the genome. Tantalizing evidence in favor of the fusion hjrpothesis 
comes from Hutchinson (1943), who observed that one chromosome pair of 
Gossypioides brevikmatum Hochr. (as Gossypiimi brevikmaturn) is unusually 
long compared with all other chromosomes and that this observation was a 
"marked feature of every plate examined." Hutchinson (1943) also remarked 
in a footnote that successful grafts could be made between Kofda. rockii 
[=Kokia dryrtcaioidesl and Gossypioides kirkiL In the context of our cpDNA 
and ITS data, this observation seems more meaningful. 
Finally, the genus Gossyptum is monophyletic and is sister to the 
Gossypioides/KokioL clade, a relationship that has not previously been 
suspected. Support is high for the monophyly of Gossyptum in both 
separate and combined analyses, and for the sister relationship with 
Gossypioides/Kokia in the FTS and combined analysis (Fig. 6). It is 
therefore disconcerting that not a single, morphological synapomorphy for 
Gossyptum has been identified that is not also homoplasious within the 
tribe. For example, although this triad of genera is weakly supported by the 
presence of foliose (vs. subulate) epicalyx bracts (Fryxell 1979), the non-
foliose condition is also common within Gossyptum. 
Origin cuui radiation of the Gossypieae. Pal3mological records 
indicate that the oldest malvacean pollen type is from the Eocene (38 - 45 
million years before the present, mybp) in South America and Australia and 
from the Ollgocene (25 - 38 mybp) in Afnca (MuUer 1981, 1984; Macphail 
and Truswell 1989). The Malvaceae thus probably originated during the 
first third of the Tertiary and achieved a world-wide distribution 
approximately 30 mybp. Beyond this, there is little In the fossil record that 
directly reflects upon the origin or diversification of the Gossypieae. The 
ndhF sequence data provide sin alternative source of information, in that 
divergence levels may be used to estimate divergence times, given a 
molecular clock. There are a number of important caveats and limitations 
to the use of clocks based on sequence data (Hillis et al. 1996), including 
substitution rate heterogeneity among lineages within a study, uncertainties 
regarding clock calibration, and unknown, but presumably large, estimation 
errors. Despite these limitations, we view the ndhF sequence data as 
providing approximate divergence time estimates, which, if in agreement 
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with the patynological record, may contribute to our understanding of the 
history of divergence and dispersal in the Gossypieae. 
To apply a clock based on ndhF sequences, we first evaluated whether 
substitution rates were homogeneous within the tribe. Two types of tests 
were conducted using the methods of Takezaki et al. (1995): "two-cluster" 
tests, which evaluate whether two clusters created by a branch point in a 
given tree have different nucleotide substitution rates, and "branch-length" 
tests, which examine whether branch length between the tree root and a tip 
deviates fi-om the average branch length. In these tests, we used the 
nucleotide substitution model of Kimura (1980: thereafter called K2P), and 
Hibiscus costatus and Anotea Jlavida were the outgroup cluster. The 
two-cluster tests indicated that ndhF substitution rates were constant 
across aU taxa (data not shown), but branch-length tests revealed that the 
sequence fi-om Gossypium cxuxninghamii evolved significantly (p < 0.05) 
faster than average, and sequences firom Thespesia popidnea and T. 
thespesioides evolved significantly (p < 0.01 and p < 0.05, respectively) 
slower than average. Tajima's (1993) method similarly 3aelded test results 
indicating mostly homogeneous substitution rates. Apart firom the few 
sequences with slightly accelerated or decelerated rates, the rate tests 
establish that, in general, ndhF sequences in members of the Gossypieae 
have homogeneous substitution rates. 
A more problematic aspect of divergence time estimation is clock 
calibration. The absolute rate of nucleotide substitution for ndhF is not 
known for any pair of angiosperm species, and even if it were, the common 
observation of rate heterogeneity across lineages would render the use of 
that rate suspect. As an alternative, we used an average rate for single copy 
plastome genes that we estimated firom Table IV of Palmer (1991, p. 39) to 
be 5x10 '° nucleotide substitutions per site per year. This estimate 
obviously is associated with an error, sdthough its magnitude is unknown. 
Using this estimate of absolute rate and the ndhF sequence 
divergence estimates, we calculated approximate divergence times for 
various divergences within the tribe and within Gossypium (Table 5). Within 
the tribe, the mean sequence divergence between the two basal clades 
[Cienfuegosia and other genera) is 1,89%, which translates into an initial 
divergence of 19 mybp. This estimate, if accurate, functions as the lower 
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bound on the age of the tribe, and is consistent with the palynological 
evidence cited above. We also estimate that Lebronnecia, Thespesia and 
Hampea separated from the rest of tribe approximately 15 mybp and from 
each other 7-10 mybp, and that Gossyptum diverged from its sister clade 
[Kokia and Gossypioides) approximately 12.5 mybp. Within Gossypium, 
divergences among the major genomic groups appear to have been closely 
spaced (Table 5), with the major lineages having been established 
approximatety 11.5 mybp, shortly after divergence from the Kokia-
Gossypioides clade. Divergence between Kokia and Gossypioides bears 
special mention, sis it concerns a biogeographically novel cladistic 
relationship between endemics from Hawaii and Africa/Madagascar. The 
amount of ndhF sequence divergence between Kokia and Gossypioides (K2P 
= 0.29%) is less than half that of any other intergeneric comparison in the 
tribe, and is even lower than that observed between most inter-genomic 
comparisons within Gossypium, The ndhF data therefore suggest that the 
separation of the lineages that gave rise to Kokia and Gossypioides occurred 
in the Pliocene, about 3 mybp. This implicates trans-oceanic dispersal as a 
factor in the evolution of one or both genera, either directly between the 
Hawaiian archipelago and Africa/Madagascar, or via extinct intermediates 
on these or other oceanic islands. In this respect, the Kokia-Gossypioides 
floristic relationship represents only the latest in a series of examples of 
long-distance, salt-water dispersal in the Gossypieae (Stephens 1966: 
Fryxell 1979; DeJoode and Wendel 1992; Wendel and Albert 1992). To the 
extent that the estimates provided for other divergences are accurate (Table 
5), they similarly implicate oceanic dispersal as a major factor in the 
evolution of the tribe. 
Congruence ctnd incongruence in Gossypium. The cpDNA 
restriction site data of Wendel and Albert (1992) and the ITS sequence data 
reported were both used to estimate phylogeny within the cotton genus. 
When analyzed either separately or as total evidence, these data sets lead to 
phylogenies that agree in several important respects (Figs. 7 and 8). Most 
noteworthy is the monophyly of each of the diploid cytogenetic groups, a 
cladistic pattern that is concordant with geographic and taxonomic 
alignments (as discussed by Wendel sind Albert 1992). In addition to 
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genomic monophyly, tJie cpDNA- and ITS-based phylogenies show 
congruence with respect to relationships among some species within clades. 
Perhaps of more interest than the agreement, however, is the high 
level of incongruence between the cpDNA and ITS data sets (I^, = 0.736; = 
0.438; Table 3). Much of this conflict arises from inclusion of the 
"reticulate" species, G. bickii fWendel et al. 1991), G. cunrunghajrm (Wendel 
and Albert 1992), G. aridum PeJoode 1992; Wendel and Albert 1992), G. 
gossypioides (Wendel et al. 1995a), and the allopolyploids (Wendel 1989; 
Wendel et al. 1995b), each of which occupied conflicting positions in the 
cpDNA- and ITS-derived trees (Fig. 7). The effect of these taxa on the total 
incongruence is clear; when G. bickii, G. cunninghaimi, G. andum, G. 
gossypioides and the allopolyploids are sequentially excluded from the data 
sets, total incongruence decreases noticeably (!„ is reduced from 0.736 to 
0.712, 0.693, 0.675, 0.658, and 0.537 respectively). 
This exercise demonstrates that, as expected, a portion of the 
incongruence is caused by each of the reticulate species or species groups 
in the phylogenetic analysis. However, both the amount of incongruence 
remaining once the reticulate taxa have been removed, and inspection of the 
pruned topologies (Fig. 8), show that considerable conflict remains between 
the cpDNA and ITS data. Some disagreements involve relationships among 
genomic groups and reflect conflict in branching order for relatively early 
divergences in the evolution of Gossypiwn. Three examples, in particular, 
possibly account for the incongruence at this level: (1) the basal separation 
in the genus; (2) the placement of subsection Pseudopambak (E-genome); 
and (3) the position of subsection Anoniala (B-genome). In addition to these 
conflicts involving deep divergences, there are disagreements between trees 
with respect to resolution of more recently diverged taxa that are not 
suspected to have reticulate ancestries. This is most apparent for 
relationships among subsections within the D-genome sind C-genome 
clades. We discuss and evaluate each of these incongruent resolutions in 
the following paragraphs, using for reference the topologies for which 
reticulate taxa have been excluded (Fig. 8). 
Perhaps the most striking difference between the cpDNA and ITS 
phylogenies concerns the first dichotomy in the genus. In the cpDNA tree, 
the earliest separation was between a monophyletic C-genome clade and the 
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remainder of t±ie genus, but in the ITS tree, a (C + E + D)-genome clade 
appears as sister to an (A + B + F)-genome clade. The latter resolution, 
however, is not strongly supported. In fact, the cpDNA data are more 
internally consistent than the ITS data, as evidenced by the higher retention 
index (0.96 vs. 0.85). In addition, a basal separation of the C-genome clade 
has more character support and a higher decay index than the alternative 
(Fig. 8). It is not surprising, therefore, that with respect to this single issue, 
the cpDNA topology is retained in the combined analysis. This differential 
level of support between the two data sets also helps to explain the results 
of the WSR tests (Table 4): the ITS data set does not reject the C-genome 
clade 2is basal (p = 0.15), but the cpDNA restriction site data statistically 
rejects the alternative shown in the ITS tree (p = 0.02). The weight of the 
evidence thus appears to favor the hypothesis that the C-genome species 
represent the descendants of one branch from the earliest split in the 
genus. 
A similar set of indicators bears on the incongruence observed for the 
placement of the E-genome clade, which is included with other African 
groups in the cpDNA tree but with Australian, C-genome taxa in the ITS 
tree. In this case, neither of the two alternatives is especially well-
supported, but the decay index is slightly higher for the conventional 
arrangement (i.e., a close relationship among African members of the genus: 
Fryxell 1979. 1992). The WSR tests suggest that the cpDNA and ITS data 
sets are strongly incongruent with respect to the position of the E-genome 
clade: the ITS data set strongly rejects (p « 0.01) monophyly for the (A + E 
+ F)-genome clade, as found in the cpDNA tree, the cpDNA data reject the 
monophyly of the (E + C)-genome clade as foimd in the FTS phylogeny. The 
WSR tests, therefore, help to identify the E-genome clade as a contributor to 
total incongruence. Following exclusion of E-genome species from the data 
sets. Imp changed slightly to 0.200 but the value of increased to 0.576. 
Fewer nodes, however, were rejected by WSR tests (part 4 of Table 4; Fig. 9). 
It is surprising that removal of potentially problematic taxa had little impact 
on the magnitude of the incongruence Indices, especially since removal of 
E-genome species resulted in less incongruence as judged by WSR tests 
(Table 4). 
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A less striking disagreement between the cpDNA and ITS data sets 
concerns the placement of subsection Anomala, which varies among the 
most-parsimonious cpDNA trees and hence is shown as part of a trichotomy 
in the strict consensus (Fig. 8A), but is strongly supported as a member of 
an Afirtcan diploid clade (with A- and F-genome species) in the ITS trees (Fig. 
8B). In this case, a monophyletic, Afirican, (A + B + F)-genome clade, as 
exhibited by the ITS tree, is not rejected by the cpDNA data (p = 0.15). In 
addition, decay and character support values are high for this clade, 
whereas support for the alternative topology is less than half as strong. We 
therefore view the B-genome incongruence between the cpDNA and ITS data 
sets as more apparent than real, and we accept a robust African (A + B + F)-
genome clade (Fig. 8C) as best reflecting our tmderstanding of the 
phylogenetic position of subsection Anomala. 
Within subgenus Houzingenia, the D-genome clade, topologies from 
analyses of separate data sets reveal similar groups of species, although in 
several cases the degree of resolution differs. For example, in both the 
cpDNA and ITS strict consensus trees, subsections Caducibracteolata (G. 
armourianum Kearney. G. horfcnessu Brandegee, G. tumeri Fryxell). 
IntegrifoUa [G. kLotzschianvm Andersson and G. davidsonii), and 
Houzingenia [G. thurfaeri Tod. and G. trilobum (Moc & Seese ex DC) Skvost.J 
are monophyletic. Perhaps more substantive are the incongruences 
observed among species groups, which are largely accoimted for by the 
varying placements of subsection IntegrifoUa, subsection Erioxylum [G. 
laxum L. LI. Phillips. G. lobatum Gentry, and G. schwendirnanii Fryxell & S. 
D. Hoch (with G. oridiim justifiably excluded)], and subsection 
Austroamericana in the two trees. In addition, WSR tests failed to reject 
alternatives found in the rival tree (nodes dl-d4 in part 3 of Table 4). We 
conclude, therefore, that we have insufficient evidence to regard the 
topologies SIS being statistically different, and therefore view the 
arrangement derived from the total evidence analysis (Fig. 8C) as the best 
available hypothesis of relationships. It should be noted, however, that 
within the D-genome clade of the total-evidence topology, support is weak 
for many interior branches, even though the topology is fully resolved. 
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A final example of phylogenetic incongruence in Gossypium concerns 
relationships among sections with subgenus Stnrtia. (C-genome). As in the 
previous example, support is weak for many of the alternative resolutions in 
the cpDNA and ITS-based phylogenies, raising the possibility that one or 
more of the observed incongruences is spurious or is due to insufficient 
character evolution. This is underscored by the failure of WSR tests to 
reject alternative topologies in most cases. The single prominent exception 
concerns the morphologically distinctive and geographically isolated section 
Grandica^x (Fryxell 1979, 1992; FryxeU et al. 1992), which is strongly 
supported as a monophyletic group in the ITS tree (minimum of 10 
synapomorphies and a decay index of 6). In accordance with expectations, 
but is paraphyletic in the cpDNA tree. In this case the FTS data are highly 
significantly incongruent with the cpDNA topology (p « 0.01). 
Ccaises of phylogenetic incongruence. We have shown that once 
the known reticulate species have been pruned firom the cpDNA and ITS 
data sets, substantial phylogenetic incongruence remains in the topologies 
produced. This incongruence is evident at all levels, ranging firom the 
earliest divergence in the genus to more recent separations between species 
and species-groups. We explored the five most prominent examples of 
phylogenetic incongruence using comparative evaluation of support and 
decay in conjimction with statistical testing of constraint trees derived firom 
the rival data sets. Among the five examples discussed, four represent 
cases wherein one resolution is strongly supported by one data set but only 
weakly supported or not supported by the rival data set: C-genome as basal: 
B-genome as a component of an Afirican clade: positions of subsections 
within the D-genome clade: and the monophyly of section Grandicdyx 
within the C-genome clade. In each of these examples of "soft 
incongruence," the two alternative topologies, if considered in isolation, 
appear strikingly incongruent, but in the context of statistical tests and 
support measures, the incongruence appears to reflect insufficient 
information in one of the two data sets, and hence an unstable placement, 
and considerable character evolution and a robust resolution in the other. 
It seems prudent to posit this simple explanation as the cause of the conflict 
rather than to prematurely invoke one or more of the biological processes 
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capable of creating different historical records in two data sets, all the while 
recognizing that these are not ruled out. 
These examples from Gossyptum highlight a phenomenon that may be 
fairly conmion. It is widely appreciated that for any particular phylogenetic 
inference, there may be significant character support with one data set but 
little to no support using an alternative data set (e.g., Mason-Gamer and 
Kellogg 1996). This might be expected, for example, in many cases where 
two different data sets are generated using nucleotide sequences that differ 
greatly in substitution rates. Moreover, divergence events that are 
temporally closely spaced relative to the scale of accumulation of character 
differences for one or more data sets can lead to the same problem. 
Obtaining robust resolutions is often difficult for these cases involving short 
intemodes, be they deep within the tree or relatively terminal, because the 
amoxmt of character support is likely to be limited. Recovering identical 
topologies from additional independent data sets, especially those that can 
withstand statistical scrutiny, should not be expected in such cases. We 
suspect that this short intemode phenomenon is a common cause of 
misleading phylogenetic inference as well as phylogenetic incongruence. In 
the present context, it may be evidenced by some of the incongment 
resolutions obtained when two data sets were applied to both tribal-level 
(e.g., Cienfuegosia as basal in the tribe) and generic level (e.g., C-genome as 
basal in Gossypiumi analyses. In these cases and others, the relevant 
intemodes are supported by few characters and decay in trees only one to 
several steps longer than the most-parsimonious trees. This short 
intemode phenomenon is also implicated by the molecular clock 
calculations (Table 5), which show (given the caveats and assumptions 
discussed above) that part of the difficulty in obtaining robust resolution 
among major clades in Gossypium, for example, stems from closely spaced 
divergences: the C-, D-, and (A + F)-genome clades are suggested to have 
diverged from each other between 10 and 12 million years ago. 
The distinction between the two explanations offered so far, 
insufficient data and short intemodes. is a fine one. Inasmuch as the short 
intemode phenomenon often leads to limiting character support, it 
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represents a subset of the broader explanation of "insufficient data." In 
addition, though, it focuses attention on one of many possible biological 
phenomena that underlie phylogenetic incongruence. These include well-
known processes at both the genomic and organismal levels. Eixamples of 
the former include gene recombination (Hein 1993), interlocus concerted 
evolution (Sang et al. 1995: Wendel et al. 1995b), and mistaken orthology 
assumptions (Doyle 1992; Sanderson and Doyle 1992), whereas examples of 
the latter include c5rtoplasmic and nuclear introgression (Rieseberg and 
Soltis 1991; Wendel et al. 1995a; Rieseberg et al. 1996), lineage sorting 
(Maddison 1995), and the short intemode phenomenon, as described here. 
In Gossypium a number of these processes have been described and have 
been suggested to be responsible for the incongruence exhibited by the nine 
"reticulate" taxa included in this study. Because several biological 
processes may lead to the same phylogenetic "phenotype," however (e.g., 
introgression vs. lineage sorting; Mason-Gamer et al. 1995; Wolfe and 
Elisens 1995), determining the actual cause of the incongruence wiU prove 
challenging in many cases. 
A case in point is the E-genome clade in Gossypium, which, as 
described above, appears in a conventional position along with other AMcan 
groups in the cpDNA-based tree but with Australian members of the genus 
in the ITS-based phylogeny. Support for each arrangement in the separate 
analyses is not convincing, but the conflict is statistically significant 
according to WSR tests. These results suggest, if only tentatively, that the 
incongruence reflects different underlj^g histories for the cpDNA and ITS 
data sets rather than insufficient or inadequate data. Additional insight 
may derive fi-om the use of more data sets, but even if there emerged a 
majority view, the incongruence between the ITS sequence and cpDNA 
restriction site information would remain. Elucidating the cause might be 
problematic, and indeed, the possibility that the conflict is spurious cannot 
at present be excluded. Alternatively, we might meekly propose that the 
incongruence reflects peculiarities in the evolution of the ribosomal ITS 
sequences, which are known to be subject to a nimoiber of non-random 
molecular evolutionaiy processes that affect phylogenetic reconstruction, 
including concerted evolution (Baldwin et al. 1995), interlocus interactions 
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(Sang et al. 1995: Wendel et al. 1995a. 1995b), and possibly recombination 
with pseudogenes (Buckler and Holtsford 1996). 
In summaiy, when faced with competing phylogenies, it seems 
rational to attempt to identify the components that are incongruent prior to 
combining data into a single "total evidence" analysis. Once these 
components have been identified, each may be independently evaluated 
with respect to the amount of conflict, in recognition of the fact that not all 
cases of incongruence are similar in magnitude or causation. This process 
(Fig. 10) may help to identify instances where conflict is more apparent than 
real and may also serve to focus attention on situations where the 
incongruence is sufficiently severe to warrant a search for its underlying 
biological causes. We suggest that this process will often yield insights into 
evolutionaiy history, and we have attempted to illustrate this with examples 
of competing phylogenetic inferences from the tribe Gossypieae and the 
genus Gossypium. 
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TABLE 1. Plant materials used for obtaining ITS and ndhF sequences. The taxonomic treatment 
follows Fryxell (1979, 1992). ITS sequences were determined for all species listed, and ndhF sequences 
were generated for selected taxa, these denoted by underlined GenBank numbers. Accession names, 
where listed, are our own designations or are from the National Collection of Gossypium Germplasm 
(Perclval 1987). Vouchers are deposited at ISC, with voucher abbreviations as follows; AAM = A. A. 
Mitchell; CI = I. Cowie; CLB = C. L, Brubaker; DDJ = Daniel DeJoode; EE = E. Edwards; JFW = J. F. 
Wendel; JIC = Juan Ismael Calzada; JMS = J. McD. Stewart; LAC = L. A. Craven; FAF = Paul A. Fryxell; 
TDC = T. D, Couch; TS = Tosak Seelanan. In few cases, ndhF and ITS sequences were obtained from the 
same genome DNAs, hence only one voucher specimen was given in such cases. 
Species Accession GenBank # Voucher 
GOSSYPIEAE 
Gossypium L. 
Subgenus Gossypium 
Section Gossypium 
Subsection Gossyptum 
Genomic designation: A 
G. arboreum L. A2-I24 
A2-74 
A,-73 
U55331 JFW & TDC 249 
U12712 JFW & TDC 305 
G. herbaceum L. U12713 JFW539 
TABLE 1 (continued). 
Subsection AnomalaTod. 
Genomic designation: B 
G. anomalum Wawra ex Wawra & Pejo*. 
G. capitis-viridis Mauer 
Subsection Pseudopambak (Prokli.) Fryxell 
Genomic designation: E 
G. areysianum Deflers 
G. incanum (O. Schwartz) Hlllc. 
G. somalense (Giirke) J. B. Hutcli. 
G. stocksii Mast. 
Subsection Longiloba Fryxell 
Genomic designation: F 
G. longicalyx J. B. Hutch. & B. J. S. Lee 
Section Triphylla (Prokh.) Frj^ell 
W4 U55332 JFW&TDC312 
U56806 
U56807 JFW & TDC 609 
U56808 
E3-1 U56810 TS 15 
E4-4 U56811 TS 7 
W43a U56809 TS 14 
U55337 TS 13 
U56812 
#191 U55338 TS 8 
F.-l U12722 
TABLE 1 (continued). 
Genomic designation: B 
G. triphyllum (Harv.) Hochr. 
Subgenus Sturtia (R. Br.) Tod. 
Genomic designation: C 
Section Sturtia 
G. robinsonii F. Mueller 
G, sturtianum J. H. Willis 
Section HibiscoideaTod. 
G. australe F. Mueller 
G. bickii Prokh. 
G, nelsonii Fiyxell 
Section Grandicalyx (Fiyxell) Fiyxell 
G. costulatum Tod. 
G. cunninghamii Tod, 
G. enthyle Fryxell, Craven & J. M. Stewart 
G. exiguum Fryxell, Craven & J. M. Stewart 
U12721 TS 16 
AZ-50 U55334 
U12710 
U12720 
LC 9361 U56786 
W56 U56787 
LC 9356 U56789 
PI 499772 U56790 
PI 499774 U55333 
U56788 
LC9224 U56791 
IC 4303 U56793 
TS 12 
JFW &TDC 216 
CLB& JFW 9361 
JFW & TDC 557 
CLB & JFW 9356 
PAF, LAC & JMS 3861 
PAF, LAC & JMS 4921 
LAC, JMS. & CLB 9224 
TABLE 1 (continued). 
G, londonderrlense Fiyxell, 
Craven & J. M. Stewart 
G. marchantii Fiyxell, Craven & J. M. Stewart 
G. nobile Fryxell, Craven & J. M. Stewart 
G. pflosum Fryxell 
G, populifolium (Benth.) F. Mueller ex Tod. 
G. pulchellum (C, A. Gardner) Fryxell 
G. rotund(/bIium Fiyxell, Craven & J. M. Stewart 
G, sp. Nov. 
Subgenus Houzingenia Fryxell 
Genomic designation; D 
Section Houzingenia 
Subsection Houzingenia 
PI 499770 U56795 
PI 499786 U56798 
PI 499793 U56792 
LC 9194 U56794 
LC 9170 U56796 
IC 4229 U56797 
LC 9252 U56799 
LC 9203 U56801 
PI 499808 U56800 
PI 464858 U56802 
LC 9281 U56804 
PI 499789 U56803 
LC 9191-2 U56805 
CI & JMS 4303 
JMS, JFW, & EE 9252 
PAF, LAC & JMS 4731 
LAC. JMS, & JFW 9194 
JMS &CLB 9170 
CI & JFW 4229 
JMS & CLB 9252 
LAC, JMS, & CLB 9203 
PAF. LAC & JMS 4856 
JMS 20 
LAC, JMS, & AAM 9281 
JMS s.n. 
LAC. JMS, & JFW 9191 
TABLE 1 (continued). 
G, thurberi Tod. 
G. trilobum (Moq & Sesse ex DC.) Skovst. 
Subsection Integrifolia (Tod.) Tod. 
G. dauidsonii Kellogg 
G. klotzschianum Andersson 
Subsection Caducibracteolata Mauer 
G, armourianum Kearney 
G, harknessii Brandegee 
G. turneri Fryxell 
Section Erioxylum (Rose & Standi.) Prokli. 
Subsection Selera (Ulbr.) Fryxell 
G. gossypioides (Ulbr.) Standi. 
Subsection Erioxylum (Rose & Standi.) Fryxell 
G. aridum (Rose & Standi.) Skovst. 
G. laxum L. LI. Phillips 
G. lobatum Gentry 
T#17 
Da-1 
U12711 
U12723 
JFW &TDC 512 
JFW & TDC 507 
D3D-32A U12729 JFW & TDC 164 
D3K-3 U12728 JFW & TDC 467 
U12725 TS9 
U12727 TS 10 
D,O.3  U55336 TSll  
U12726 
D6-5 U12724 JFW & TDC 452 
DRD108 U12732 DDJ&J1C108 
DRD169 U12733 DDJ&J1C169 
DRDlOl U12730 DDJ&JICIOI 
DRD161 U12731 
TABLE 1 (continued). 
G. schwendimanii Frj^ell & S. D. Koch 
Subsection Austroamericana Fryxell 
G. raimondii Ulbr. 
Subgenus Karpas Raf. 
Genomic designation: AD 
G. barbadense L, 
G, hirsutum L, 
G. tomentosum Nuttall ex Seemann 
G, miLstelinum Miers ex Watt 
G. darwinii Watt 
Cienjiiegosia Cav. 
Subgenus Cienjiiegosia 
Section Cienjiiegosia 
Cienfuegosia tripartita (H.B.K.) Giirke 
JMS U12734 DDJ & JIC 150 
# 436 U55335 JFW & TDC 127 
D5-37 U12718 JFW & TDC 591 
KlOl U55339 JFW & TDC 612 
U12715 
Palmeri U55340 JFW & TDC 632 
U12719 
WT936 U12717 JFW & TDC 621 
W400 U12714 JFW & TDC 622 
WB1215 U12716 JFW & TDC 620 
tJ55324 
U56777 
TABLE 1 (continued). 
Section Robusta Fryxell 
Cienfuegosia intermedia Fryxell 
Gossypioides Skovst. ex J. B, Hutch. 
Gossypioides kirkii (Mast.) J. B. Hutch, 
Hampea Schltdl. 
Section TrionchonCa Fryxell 
Hampea appendiculata (Donn.Sin.) Standi. 
Kokia Lewton 
Kokia drynarioides (Seemann) Lewton 
Kokia kauaiensis (Rock) O. Deg. & Duvel 
Lebronnecia Fosberg 
Lebronnecia kokioides Fosberg 
Thespesia Sol. 
Section Thespesia 
U56776 
U55329 TS3 
U56783 
U55327 Pohl15736A 
U56781 TS4 
U55330 TS6 
U56784 
U56785 
U55325 JFW & TDC 624 
U56778 
TABLE 1 (continued). 
Thespesia populnea (L.) Sol. ex Correa U55328 TS 1 
U56782 
Section Lampas (Ulbr.) Borss. Waalk. 
Thespesia lampas (Cav.) Dalzell ex Dalzell & Gibson U56779 TS 2 
Thespesia thespesioides (R. Br. ex Benth.) Fryxell U55326 
U56780 
MALVAVISCEAE 
Anotea 
Anoteajlavida Ulbr. U55322 Fryxell 785630 
U56775 
HIBISCEAE 
Hibiscus 
Hibiscus costatus A. Rich. LC9166 U55323 
U56774 
TABLE 2. Synonymous (Kg) and nonsynonymous (KJ substitution rates (per 100 sites) and percent 
sequence divergence for ndfiF and rbcL genes in Gossypium and ThespesicL Percent sequence divergence 
estimates are corrected for multiple substitutions using the Kimura 2-parameter method (= K2P). 
Gossypium "D" = Gossypium raimoridH and Gossypium turneri. For each comparison, the three values 
listed represent Kg (top), (middle), and K2P (bottom). Estimates for ndhF involving Gossypium "D" are 
averages of values obtained for comparisons with G. raimondii and with G. turneri. TP = Thespesia 
populnea, OR = Gossypium robinsonii, OA = Gossypium anomalum, GD = Gossypium davidsonii, OH = 
Gossypium hirsutum, G "D" = Gossypium raimondii and Gossypium turneri. 
ndhF rbcL 
Taxon TP GR GA G "D" GH Taxon TP GR GA GD GH 
TP 3.28 2.82 3.28 2.94 TP 3.35 1.81 1.81 2.74 
0.89 0.83 0.95 0.99 0.66 0.66 0.76 1.23 
1.43 1.28 1.48 1.43 1.30 0.94 1.01 1.59 
GR 0.21 1.62 1.84 GR 1.50 1.50 1.81 
0.57 0.86 0.73 0.19 0.28 0.76 
0.49 1.03 0.98 0.50 0.57 1.01 
GA 1.19 1.40 GA 0.00 0.90 
0.74 0.67 0,28 0.95 
0.83 0.83 0.21 0.94 
G "D" 0.64 1.73 GD 0.90 
0.32 0.96 0.66 
0.39 1.13 0.72 
TABLE 3. Character incongruence between data sets in the tribe Gossypieae and in Gossyphim, for 
cases where known or suspected reticulate taxa are included or excluded from the analysis. Data sets 
used are sequences for the plastid gene ndhF and the nuclear rDNA internal transcribed spacer (ITS), and 
the cpDNA restriction sites from Wendel and Albert (1992). Abbreviations for tree statistics and calcula­
tions are as follows: L = length of most-j)arsimonious tree(s); R = minimum number of synapomorphies in 
most-parsimonious tree{s): S = number of extra steps; #Tree = number of most-p£irsimonious trees; CI = 
consistency index; RI = retention index; L" = length of shortest tree(s) when characters from one data set 
are optimized on a constraint tree from the other data set; E = number of extra steps (= L"-R); = 
Mickevich-FaiTls index; = Miyamoto index. Values in parentheses were obtained when G. anomalum was 
excluded from data sets along with the reticulate taxa. 
Tribe Gossypieae 
All taxa included Reticulate taxa excluded 
ndhF ITS Combined ndhF ITS Combined 
L 221 678 917 208 (205) 649 (624) 863 (831) 
R 202 488 690 192 (189) 477 (464) 669 (653) 
S 19 190 227 17 (16) 172 (160) 194 (178) 
#Tree 15 4 5 15 (15) 4 (4) 5 (4) 
CI 0.914 0.720 0.752 0.919 (0.922) 0.735 (0.744) 0.775 (0.786) 
Rl 0.898 0.603 0.659 0.886 (0.885) 0.598 (0.602) 0.664 (0.671) 
L" 243 718 — 214 (207) 664 (628) — — 
E 41 230 — 22 (18) 187 (164) 
TABLE 3 (continued). 
^MF 0.079 0.026 (0.011) 
IM 0.229 0.096 (0.033) 
Genus Gossypium 
All taxa included Reticulate taxa excluded 
cpDNA ITS Combined cpDNA ITS Combined 
L 228 319 632 199 266 485 
R 202 236 438 175 208 383 
S 26 83 194 24 58 102 
#Tree 4 90 10 8 12 1 
CI 0.886 0.740 0.693 0.879 0.782 0.790 
RI 0.964 0.848 0.848 0.955 0.854 0.891 
L" 372 479 — 242 318 — 
E 170 243 — 67 110 — 
^MF 0.438 0.196 
IM 0.736 0.537 
TABLE 4. Wilcoxon signed rank tests for incongruence between data sets. Gain, loss, and net refer to 
the number of extra steps, the number of fewer steps, and the total between a constraint tree and an 
unconstrained tree, respectively (see text for details). Probability values (Pi are shown, except when only 1 
character was different between trees or when there was no length difference, in which cases the WSR test 
cannot be applied. 
Data set/constraint tree Gain Loss Net p 
1) Gossypieae (see Fig. 6 for constraint trees and nodes) 
A) All taza included 
ITS 
ndtiF strict consensus tree 46 7 39 p« 0.01 
(i) monophyly of Lebronnecia-Hanipea-Thespesia 14 12 2 p» 0.37 
(iv) monophyly of A-AD-F genomes 22 1 21 p * 0.01 
(v) monophyly of B-C genomes 18 5 13 p < 0.01 
combined tree 9 5 4 p» 0.19 
idhF 
ITS strict consensus tree 23 1 22 p« 0,01 
(vi) (Thespesia populnea, ((Gossypioides, Kokia), Gossypium)) 2 0 2 p = 0.25 
(Ix) monophyly of A-F-B genomes 11 0 11 p« 0.01 
(x) monophyly of C-E-D-AD genomes 10 0 10 p« 0.01 
(xi) monophyly of C-E genomes 3 1 2 p=0.25 
(xii) monophyly of D-AD genomes 9 0 9 p« 0.01 
combined tree 12 0 12 p * 0.01 
TABLE 4 (continued). 
B) Reticulate taza in Gossypium removed 
ITS 
(v-a) monophyly of B-C genomes 
ndhF 
(ix-a) monophyly of A-F-B genomes 
(x-a) monophyly of C-E-D genomes 
combined tree 
C) Reticulate taza and G. anomalum in Gossypium removed 
ITS 
ndhF strict consensus tree 
ndhF 
ITS strict consensus tree 
2) Gossypium — all taza (see Fig. 7 for constraint trees and nodes) 
ITS 
cpDNA strict consensus tree 
(i) monophyly of A-AD-E-F-B-D genomes 
(11) monophyly of A-AD-E-F genomes 
(iii) monophyly of D genome 
(iii) B-genome sister to D-genome 
(v) first split of C genome 
combined tree 
cpDNA 
ITS strict consensus tree 
23 10 13 p» 0.02 
3 0 3 p» 0.13 
3 1 2 p = 0.25 
4 1 3 p» 0.15 
10 8 2 p» 0.35 
4 2 2 p» 0.28 
118 1 117 p« 0.01 
8 6 2 p» 0.34 
28 4 24 p« 0.01 
21 1 20 p« 0.01 
24 2 22 p« 0.01 
8 4 4 p» 0.17 
39 2 37 p« O.OI 
137 0 137 p« 0.01 
TABLE 4 (continued). 
(vl) monophyly of A-AD-B-F-D genomes 36 0 36 p« 0,01 
(vll) monophyly of C-E-D-AD genomes 41 0 41 p« 0.01 
(vlll) monophyly of D-AD genomes 35 0 35 p« 0.01 
(ix) monophyly of C-E genomes 11 3 8 p» 0.03 
(x) first split of ABF genomes 41 0 41 p« 0.01 
combined tree 8 0 8 p< 0.01 
3) Gossypium without reticulate taxa (see Fig. 8 for constraint trees and nodes) 
ITS 
cpDNA strict consensus tree 46 3 43 p « 0.01 
(1) monophyly of AEFBD genomes 7 5 2 p » 0.32 
(li) monophyly of AEF genomes 17 2 15 p« 0.01 
(ill) B-genome sister to D-genome 15 3 12 p « 0.01 
(v) first split of C genome 7 3 4 p » 0.15 
(cl) paraphyly of Section Grandicalyx 19 0 19 p« 0,01 
(c4) Section Sturtia as a basal clade In C genome 2 0 2 p = 0.25 
(c5) Section Hibiscoidea sister to Section Grandicalyx 2 0 2 p = 0.25 
(dl) Subsection Integrifolia as a basal clade In D genome 3 0 3 p» 0.13 
[62) Subsection Caducibracteolata as a sister clade to the rest of D genomeS 0 3 p» 0.13 
combined tree 16 4 12 p< 0.01 
pDNA 
ITS strict consensus tree 40 2 38 p« 0.01 
(vl) monophyly of ABF genomes 7 3 4 p» 0.15 
(vll) monophyly of CED genomes 12 3 9 p» 0.02 
TABLE 4 (continued). 
(x) first split of ABF genomes 12 3 9 p» 0.02 
{c2) Section Sturtia sister to Section Hibiscoidea 9 2 7 p» 0.03 
(c3) monophyly of Section Grandicalyx 1 0 1 — 
(c4) Section Sturtia as a basal clade in C genome 
— — — — 
(c5) Section Hibiscoidea sister to Section Grandicalyx 1 0 1 — 
(d3) Subsection Erioxylum a basal clade in D genome 4 0 4 p» 0.06 
(d4) Subsection Caduclbracteolata sister to the rest of D genome 4 0 4 P* 0.06 
combined tree 13 5 8 p» 0.06 
Gossypium without reticulate taxa and E-genome (see Fig. 9 for constraint trees and nodes) 
IT3 
cpDNA strict consensus tree 30 2 28 0.01 
(i) AFBD monophyly 2 1 1 P = 0.38 
(11) AF monophyly 2 1 1 P = = 0.38 
(Hi) AF/B/D trichotomy 5 3 2 p» 0.30 
(Iv) first split of C-genome 3 2 1 p» 0.41 
(cl) paraphyly of section Grandicalyx 19 0 19 p« 0.01 
(dl) Section Integrifolia as a basal clade in D-genome 3 0 3 p» 0.13 
(d2) Section Caduclbracteolata as a sister clade to the rest of D-genome 3 0 3 p» 0.13 
(c5) Section Sturtia as a basal clade in C genome 2 0 2 P = 0.25 
(c6) Section Hibiscoidea sister to Section Grandicalyx 2 0 2 P = : 0.25 
combined tree 12 3 9 p» 0.02 
CpDNA 
ITS strict consensus tree 36 2 34 p* 0.01 
2 
TABLE 4 (continued). 
(v) monophyly of CD genomes 
(vl) first split of ABF genomes 
(c2) Section Grandicalyx as a basal clade in C-genome 
(c3) Section Sturtta sister to Section Hibiscoidea 
(c4) monophyly of Section Grandicalyx 
(dS) Subsection Erioxylum a basal clade in D genome 
(d4) Subsection Caducibracteolata sister to the rest of D genome 
{c5) Section Sturtia as a basal clade in C genome 
(c6) Section Hibiscoidea sister to Section Grandicalyx 
combined tree 
7 2 5 p= 0.13 
7 2 5 p» 0.08 
9 2 7 p» 0.03 
9 2 7 p» 0.03 
1 0 1 — 
4 0 4 p» 0.06 
4 0 4 p» 0.06 
2 2 0 p» 0.06 
1 0 1 — 
6 2 4 p= 0.13 
O) Ol 
TABLE 5. Estimates of time since divergence (above diagonal, in mybp) for members of tribe 
Gossypieae based on Kimura (1980) two parameter estimates of percent sequence divergence in ndhF gene 
(below diagonal). Taxon abbreviations are: CT = Cienfuegosia tripartita; LK = Lebronnecia kokioides; TT = 
Tfiespesia thespesioides; HA = Hampea appendiculata; TP = Thespesia populnea; GK = Gossypioides klrkiV, 
KD = Kokia drynarioides\ Ga = Gossypium arboreunv, Gb = Gossypium anomalum: Gc = Gossypium 
cunninghamii & Gossypium robinsonii; Gd = Gossypium raimondii & Gossypium turneri; Ge = Gossypium 
stocksii; Gf = Gossypium longicalyx] Gad = Gossypium barbadense & Gossypium hirsuium. Lowercase 
letters in Gossypium refer to genome designation. When two species are listed above, the estimate shown 
is an average for the listed species. 
CT LK TT HA TP GK KD Ga Gb Gc Gd Ge Gf Gad 
CT — 17 16 19 16 17 18 21 19 22 21 19 19 21 
LK 1.73 — 6 10 9 12 13 16 15 18 17 14 14 16 
TT 1.63 0.59 — 8 7 10 11 15 13 16 15 13 12 14 
HA 1.88 1.03 0.79 — 10 14 15 18 16 19 19 15 16 18 
TP 1.63 0.88 0.69 0.98 — 10 11 15 13 15 15 13 12 14 
GK 1.68 1.23 1.03 1.38 1.03 — 3 13 11 14 13 11 10 12 
KD 1.78 1.33 1.13 1.48 1.13 0.29 — 14 12 15 14 12 11 13 
Ga 2.13 1.58 1.48 1.78 1.48 1.28 1.38 — 9 12 11 7 4 2 
Gb 1.93 1.48 1.28 1.58 1.28 1.08 1.18 0.88 — 7 8 6 6 8 
Gc 2.21 1.77 1.58 1.92 1.53 1.38 1.48 1.18 0.66 0.68/7 12 9 9 11 
Gd 2.13 1.72 1.48 1.87 1.48 1.28 1.43 1.13 0.83 0.68 0.39/4 8 9 11 
Ge 1.93 1.38 1.28 1.48 1.28 1.08 1.18 0.69 0.59 0.89 0.83 — 5 7 
Gf 1.88 1.43 1.23 1,57 1.23 1.03 1.13 0.44 0.64 0.93 0.93 0.54 — 4 
Gad 2.06 1.60 1.41 1.75 1.41 1.21 1.31 0.22 0.81 1.11 1.11 0.72 0.37 0.05/0.5 
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FIGURE LEGEND 
FIG. 1. Distribution of variation by position for the plastid gene rvdhF 
in the Gossypieae (outgroups excluded). Shown are the number of variable 
sites (dark bars) and potentially phylogenetically informative sites (light 
bars) in non-overlapping 100-bp intervals (the final interval spans 82 bp). 
Coordinates are from Shinozaki et al. (1986) as corrected by Olmstead and 
Sweere (1993) by the Insertion of 90 bp that was missing from the original 
sequence (between 112,469 and 112,470, at asterisk). Lower case letters 
refer to gaps shown in Fig. 2. 
FIG. 2. A portion of the matrix of aligned ndhF sequences illustrating 
the gaps detected in the 3' half of the gene. Lower case letters "a" through 
"e" identify the indels, which are mapped in Fig. 1 according to the 
coordinates shown (from Shinozaki et al. 1986). 
FIG. 3. Topologies discovered in phylogenetic analyses of ndhF 
sequences in the Gossypieae. Trees are rooted with sequences from Hibiscus 
costatus and Anotea Jlauida. Top: parsimony analysis. Thin lines indicate 
positions held by CienfuegosioL tripartita (A, B. or C) and Thespesia 
thespesioides (i or ii) in alternative most-parsimonious trees and in 
analyses that differed in the treatment of gaps (see text). Gossypium species 
are shown as a solid triangle, which is expanded in the inset (G1-G6) to 
illustrate six alternative topologies recovered imder various gap treatments 
(A - F and AD indicate genome designation). Numbers above branches 
indicate the minimum amount of character support in all most-
parsimonious trees; two numbers are shown if the branch may be 
partitioned by the placement of Cienfuegosia tripartita, or Thespesia 
thespesioides, and circled numbers indicate support when Thespesia 
thespesioides is at i and Cienfuegosia tripartita is at A. The " 1" in the 
square box indicates the single character supporting the branch segment 
leading to Lebronneda kokioides and Thespesia thespesioides when 
Thespesia thespesioides is at i. Bottom: neighbor-joining tree constructed 
from a matrix of Kimura 2P-corrected distances. Branch lengths are 
proportional to distances, and genome designation (A - F and AD) for each 
taxon are shown in parentheses after species. 
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FIG. 4. A portion of the matrix of aligned ITS sequences. Severad large 
gaps are apparent near the start of ITS 1 and ITS2, which have complete 
aligned lengths of 321 and 239 bp. respectively. Gossyptum australe is 
arbitrarily shown as a representative of the 45 sequences from Gossyptum. 
FIG. 5. Tree topologies discovered in phylogenetic analyses of ITS 
sequences. Thin lines indicate possible placements of Cienfuegosia spp. (a 
or b) and Gossyptum E-genome species (i through iv). Cienfuegosia spp. 
were at a and at b in 3,564 and 648 most-parsimonious trees, respectively. 
In the former, Gossyptum E-genome species were located at any one of the 
positions i through iv, whereas if Cienjuegosia. spp. occupied position b, 
Gossyptum E-genome species were located at i or iii or iv. Numbers below 
branches indicate decay indices and those above branches show TmniTrmm 
character support. Support for the branch leading to b is the same as for 
branch a, and support for branches ii, iii, and iv is the same as for branch 
i. Triangles denote branches containing more than one species. The 
shaded region of the topology shows relationships among genomic groups 
within Gossyptum 
FIG. 6. Strict consensus trees from analyses of ndhF, ITS, and 
combined data sets (A, B, and C, respectively). A. Strict consensus of the 
15 most-parsimonious trees fo\ind in analyses of ndhF sequences, with gaps 
coded as missing data (umnformative characters excluded; length = 113; CI 
= 0.83: RI = 0.89). B. Strict consensus of the four most-parsimonious trees 
obtained from analyses of ITS sequences (length = 487; CI = 0.61; RI = 
0.60). C. Strict consensus of four most-parsimonious trees resulting from 
analyses of a combined data matrix consisting of ndhF and FTS sequences 
(length = 618; CI = 0.63; RI = 0.65). Hibiscus costatus and AnoteaJlavida 
were used to root all trees. Upper case letters to the right of taxon names 
refer to genomic designations in Gossyptum Nxunbers below branches 
indicate decay indices and those above branches show miniTmiTn character 
support. Roman nimierals designate nodes used for Wilcoxon Signed Rank 
tests of incongruence (see text). 
FIG. 7. Strict consensus trees from analyses of cpDNA, RRS, and 
combined data sets (A, B, and C, respectively) when all taxa in Wendel and 
Albert (1992) are included. A. Strict consensus of four shortest trees found 
in analyses of cpDNA restriction site variation (xininformative characters 
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excduded; length = 161; CI = 0.84; RI = 0.81). B. Strict consensus of 90 
most-parsimonious trees obtained from analyses of ITS sequences, using 
the same taxa as in A (length = 222; CI = 0.63; RI = 0.53). C. Strict 
consensus of the 10 shortest trees found in analyses of a combined matrix 
consisting of cpDNA restriction site and ITS data (length = 468; CI = 0.59; RI 
= 0.85). Thespesia popuLneawas used to root all trees. Upper case letters 
to the right of each cladogram refer to genomic designations. Numbers 
below branches indicate decay indices. Roman numerals designate nodes 
used for Wilcoxon Signed Rank tests of incongruence (see text). 
FIG. 8. Strict consensus trees from analyses of cpDNA, ITS, and 
combined data sets (A, B, and C, respectively) when known or suspected 
reticulate taxa are excluded from the data matrix. A. Strict consensus of 
eight most-parsimonious trees found in analyses of cpDNA restriction site 
variation (uninformative characters excluded; length = 137; CI = 0.83; RI = 
0.96). B. Strict consensus of 12 shortest trees obtained from analyses of 
rrS sequences (length = 179; CI = 0.68; RI = 0.85). C. The most-
parsimonious trees recovered in an analysis of a combined matrix 
consisting of cpDNA restriction site and ITS sequence data (length = 342; CI 
= 0.70; RI = 0.89). Thespesiapopulneawas used to root all trees. Upper 
case letters to the right of each cladogram refer to genomic designations. 
Nimibers below branches indicate decay indices and those above branches 
show minimum character support. Roman numerals and letters with 
nimibers designate nodes used for Wilcoxon Signed Rank tests of 
incongruence (see text). 
FIG. 9. Strict consensus trees from analyses of cpDNA, ITS, and 
combined data sets (A, B, and C, respectively) when reticulate taxa and E-
genome species are excluded from the data matrix. A. Strict consensus of 
six most-parsimonious trees found in analyses of cpDNA restriction site 
variation (uninformative characters excluded; length = 116; CI = 0.85; RI = 
0.97). B. Strict consensus of two shortest trees obtained from analyses of 
ITS sequences (length = 142; CI = 0.73; RI = 0.89). C. Strict consensus of 
the most-parsimonious tree recovered in an analysis of a combined matrix 
consisting of cpDNA restriction site and ITS sequence data (length = 271; CI 
= 0.75; RI = 0.92). Thespesia populneawas used to root all trees. Upper 
case letters to the right of each cladogram refer to genomic designations. 
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Numbers below branches indicate decay indices and those above branches 
show mlm'miim character support. Roman numerals and letters with 
numbers designate nodes used for Wilcoxon Signed Rank tests of 
incongruence (see text). 
FIG. 10. Suggested procedure for evaluating competing trees. 
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Coordinate 112.754 - 112,683: 
Hibiscus costatus 
Anotea flavida 
Cienfuegoaia tripartita 
Lebronnecia kokloides 
Thespesia thespesioides 
Hampea appendiculata 
Thespeaia popuj nea 
Goasypioidea kirkii 
Kokia drynarioides 
Gosaypium arboreum 
Gossypium anomalum 
Gosaypium cunninghami i 
Gossypium robinsonii 
Gossypium raimondi i 
Gossypium turneri 
Gossypium stocksii 
Gossypi um longicalyx 
Gossypium barbadense 
Gossypium hirsutum 
Coordinate 112,682 -112,611; 
Hibiscus costatus 
Anotea flavida 
Cienfuegoaia tripartita 
Lebronnecia kokioidea 
Thespesia thespesioides 
Hampea appendiculata 
Thespesia populnea 
Gossypioides kirkii 
Kokia drynarioides 
Gossypium arboreum 
Gossypium anomalum 
Gossypi um cunni nghami i 
Gosaypium robinsonii 
Gossypium raimondi i 
Gossypium turneri 
Gosaypium atockaii 
Gosaypium longicalyx 
Gossypium barbadense 
Gossypium hirsutum 
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GAAGAG 
:AAGAT 
AAAAAATGATTAACAGAAATTTTCGTTTATTTCCTTTA 
-AAAAAATGATTAACAGAAATTTTCGTTTATTTCCTTTA 
CAAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
CAAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
-AAAAAATAATTAACAGAAATTTGCGTTTATTTCCTTTA 
LAAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
IAAAAAATAATTAACAGGGATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGAGATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
IAAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
::AAAAAATAATTAACAGCAATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGCAATTTTCGTTTATTTCCTTTA 
:AAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
IAAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
-AAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
AAAAAAATAATTAACAGAAATTTTCGTTTATTTCCTTTA 
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ITSl; position 1-71: 42-bp gap 
I. Hibiscus coatatus 
2 . Anotea flavida 
3. Cienfuegosia intermedia 
4. Clenfuegosia tripartita 
5. Lebronnecia kokioides 
6 .  Thespesia lampas 
7. Thespesia thespesioides 
8 .  Hampea appendiculata 
9. Thespesia populnea 
1 0 .  Gossyploides kirkii 
I I .  K o k i a  d r y n a r i o i d e s  
12. Gossypium austraie 
ITSl; position 72 - 169: 
36-|}p gap 
T C G A A A C C T G - C C T A G C A G - A A C G A C C C A T G - A A C G T G T T A T C  
gcgaaacctg-cacagcag-aacgacccgcg-aacgtgttatt 
tcgaaacctg-cctagcag-aacgacccgtg-aacgtgttgtt 
tcgaaacctg-cctagcag-aacgacccgtg-aacgcgttgk 
tcgaaacccg-cccggcag-aacgacccgcg-aacgcgttgt-
tcgaaacccg-ccccgcag-aacgacccgcggaacgcgttgc • 
tcgaaacccg-ccccgcaq-aacgacccgcg-aaogcgttgc-acacga-cacc-gggggcggc-gcgggt 
t acacaa-cact-gg-gg acag-t 
tcgaaacctg-tccagcag-aacgacccgcg-cacacgttgi • 
tcgaaacctg-cctagcag-aacgacccgtg-aacgagttgt-
tcgaaacctg-cctagcag-aacgacccgtg-aacgagttgi-
tcgaaacctg-cctagcag-aacgacccgcg-aacgcgttgt-
r C A A A C A T - C A A A G G G A G G G G T G T G C G G T T  
C A A C A A A - C A A C G G G A G G G G G C A G - G G C G  
r G A A A C A A - C A C C G G G A G G T G G C - G T G G G T  
[ j G A A A C A A - C A C C G G G G G G T G G C - A T G G G C  
• A C A C A A - C A C C - G G G G G C G G C - G C G G G T  
- A C A C G A - C A C C - G G G G G C G G C - G C G G G C  
-aaacaa-cacc-ggaggtggt-gggggt 
-aaacaa-cacc-ggaggtggt-gtgggt 
-aaacaa-cacc-ggaagtggt-gtgggt 
-aaacaa-cacc-ggaggtggt-gcgggt 
1 .  G C  
2  .  G C  
3  .  G C  
4  .  G C  
5  .  G C  
6  .  G C  
7  .  G C  
8  .  G C  
9  .  G C  
1 0  .  G C  
1 1  .  G C  
1 2  .  G C  
ATCATTGCGC-CCCGTCCCCTTCC TGT-CCCG 
ATCCCCGCCC-CTCGTGCCCTCCC TGC-CTCG 
STCAGTGCCCCCTCACCACCCTCCGGCACGT-CTCG 
ATCACTGCTCTCTCGCCACCGTCCGGCACGT-CTCG 
ATCCCTGC-CCCTCGTCGCCCTCGA CGT-CCCG 
ATCCCCGC-CTCTCQTCTCCCTCAG CGT-CTCG 
ATCCCCGC-CTCTCGTCGCCCTCAG CGC-CTCG 
atccttgc-ctctcgctaccctcca cgt-ctcg 
attcytgc-ctctcgccactt-cct cgt-cycg 
atccttgc-ctctcgccactt-cct cgt-ctcg 
atccgcgc-ctctcgccaccc-ccg cgt-ctcg 
GTGTCATGGGGACCCGTG 
GGGCCCCGTGCCGCTGTC 
TGGGGATTGGTCCCGTCG 
TGGCGATCGGTCCCATCG 
GAGCGATCGCTCCAGTCG 
GAGCGATCGGTCCCGTCG 
GAGCGATCGGTCCCGTCG 
GAGCGATCGGTCTGACTG 
GAGCGATCGGTCTTGTAG 
GAGCGGTTGGTCTTGCTG 
GAGCTGTTGTTCTTGTCG 
GAGCGGTCGGTCTCGTCG 
rtt cac-gg ga 
rcCCCCA-CGCCGCAC-GG-CGTAG-TGGGAGGCGC 
36-bp gap 
--ACCC 
PGCCTC 
GGCCCA 
GGTCCA 
CCCCTTC-GCCCGA-CGGG-CGQGG-TGAGACGCCGIGGTCCG 
BGTCCG 
SGTCCG 
GTCTG 
GTTCA 
GTTCA 
3GTTCA 
GATCA 
rcCCTTC-
rCCCTCC-
rCCCTTC-
rCCCTTT-
rCCCTTT-
ACCC-ATC66Q-T6GG6-CGA6AC6TCAS 
CCCC-ATCGGG-CGGG6-TGAGATATCAS 
GCCY-ATCGGG-TGGGG-TQAGATGTCAft 
GCCT-ATCGGG-TGGGG-TGAGATGCCA 
GCCC-ATCGGG-TGGGG-TGAGATGTCAA 
ITS2; position 508 - 530: 
IS-bpgap 
1. AACCCTTACCCACAGGGCATCGG 
2. AACCCTTGCCCATCGGGGATCGG 
3. AAC3CC6A6CCACAA6GCATCGG 
4. AACCCCGAGCCATACGGCAACGG 
5. AACC TCGG 
6. AACC CCGG 
7. AACC CCGG 
8 .  A A C I V  T C T G  
9. AACCCCGAGCCCTCGGGCCTCGG 
10. AAC3CTTAGCTCTCGGGCCTCGG 
11. AACCCTTAGCTCTCGGGCGTCGG 
12. AACCCTGAGCCCTCGGGCCTCGG 
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CHAPTERS. MOLECULAR SYSTElfATICS OP AUSTRALIAN 
GOSSrPIDM L. SECTION GRAJNDICALYX (MALVACEAE) 
A paper to be submitted to the journal Systematic Botany 
Tosak Seelanan^-^, Curt L. Brubaker^, James McD. Stewart', 
Lyn A. Craven^, and Jonathan F. Wendel® 
ABSTRACT 
Australian Gossypium consists of 17 species classified into 3 sections. 
The largest and most poorly understood is the group of 12 species in section 
Grandicalyx that occur in the Kimberlqr and Cobourg regions of NW 
Australia. These areas are characterized by annual monsoon rains and diy-
season fires. Species in sect. Grandicalyx exhibit a smte of morphological 
and ecological features that are otherwise imknown in the genus and that 
apparently evolved in response to seasonal fires and ant mutualism. These 
features include an herbaceous perennial habit, the ability to regenerate 
from thickened rootstocks following fires and extended drought, pedicels 
that recurve following pollination so that the capsules are pendent and open 
inverted at maturity, and sparsely vestitured, ant-dispersed seeds that bear 
elaiosomes. To better understand the evolutionary and biogeographic 
history of the species in sect. Grandicalyx, we sampled widely within and 
among species and generated three sets of DNA sequences, i.e.. for the 
plastidial rpllS intron, and the nuclear 18S-26S ITS of rDNA and the 
alcohol dehydrogenase genes. Phylogenetic reconstructions with the three 
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data sets indicate that species in sect. Grandicalyx are monophyletic with 
little resolution within the clade. Sequence divergence Is low in all pairwise 
comparisons among species, suggesting that the group radiated relatively 
recently, perhaps in the late Pliocene-Pleistocene after a much earlier 
(Miocene) divergence from the other extant Australian lineages. The 
palaeoclimatlc record, sequence divergence estimates and phylogenetic data 
suggest that the diversification of the sect. Grandicalyx species arose via 
range fragmentation of a more widely distributed ancestor or ancestors. 
This evolutionary history was accompanied by the development of a 
prostrate to reclining herbaceous habit, adaptation to seasonal fires, and a 
suite of features associated with myrmecochory. 
INTRODUCTION 
Gossyptum L. is a pan-tropical genus containing approximately 50 
species of small trees, shrubs, and perennial herbs (Fryxell 1979, 1992; 
Stewart et al. 1997). The genus has been classified into four subgenera, of 
which one consists entirely of tetraploid taxa and the rest contain diploid 
species. Seven cytogenetically-defined genomic groupings (A through G and 
K) have been recognized (Endrizzi et al. 1985; Stewart 1995), of which four 
(A, B, E, and F; subgenus Gossypiunij are Afiican-Aslan, one is primarily 
Mexican (D; subgenus Houzingenia Frjrxell), and three (C, G, and K) are 
endemic to Australia. These latter species, comprising subgenus Sturtia. 
(R Br.) Tod., are the subject of the present Investigation. 
The Australian species have been classified into three sections (Fryxell 
1979, 1992) that are congruent with the cytogenetic division of the 
subgenus into three genome groups. Section Sturtia (C genome) contains 
two species of sub-arborescent shrubs (1 -4m), G. robinsonii F. Mueller and 
G. sturtianurnJ. H. Willis. The former is confined to the Pilbara region of 
Western Australia, whereas the latter occurs in small isolated populations 
widely scattered across the sub-tropical to warm temperate arid zone of 
Australia, with populations in Queensland. New South Wales, South 
Australia, and Western Australia. Section Hibiscoidea Tod. (G genome) 
contains three species of shrubs (1-3 m) from the dry-monsoon and 
northern arid zone, with an aggregate geographic range that nearly spans 
the continent. The third section, sect. Grandicalyx (Fiyxell) Fiyxell, consists 
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entirely of herbaceous perennials, and is the most poorly xinderstood. 
Seven of the 12 species presently recognized have been only recently 
described (Fryxell et al 1992; Stewart et al. 1997). Field observations 
surest that the current taxonomy is inadequate, reflecting our incomplete 
understanding of this unique group of plants. All of the species are endemic 
to the Kimberley region of tropical NW Australia (Fig. 1) with the exception 
of one species restricted to the Cobourg peninsula on the central coast of 
the Northern Terrirtory; the former region lends its name to the genome of 
the group, which are designated by the prefix "K" (Stewart 1995). The 
geographic restriction of taxa in sect. Grandicalyx to the Kimberley region 
(except for G. cunrungkamii Tod.) contrasts with the wider geographic range 
of species in the other sections (Fryxell, 1965; Craven et al. 1995). 
Among Austrian Gossypium, species in sections Sturtia and 
Hibiscoidea are more similar morphologically to the non-Australian 
Gossypium species than they are to the sect. Grandicalyx species. The 
former are upright shrubs to small trees with extrafloral nectaries on 
epicalices and leaves, and have seeds with a dense layer of pubescence. 
Gossypium bickii Prokh. possesses a few novel features such as a 
deciunbent to suberect stature and a rootstock firom which multiple shoots 
arise. In contrast, sect. Grandicalyx species are prostrate to upright 
herbaceous, multistemmed perennials, adapted to regenerate from the 
crown of a woody rootstock after the fires that frequent their seasonal 
monsoonal habitat. Species in sect. Grandicalyx typically have pedicels that 
recurve within 2-3 days of anthesis, so that capsule orientation is toward 
the ground, and in some species flowering and firuiting occur at ground 
level. In addition, there is a near-absence of the seed pubescence typical of 
most other Gossypium sections, and instead, seeds have elaiosomes that are 
half or more the length of the seeds (Fryxell et al. 1992). These 
morphological novelties have clearly evolved as adaptations for ant 
dispersal; upon capsule dehiscence, seeds fall passively to the ground where 
they are rapidly collected by ants. All authors involved in field collections 
(CLB, LAC, JMS, JFW) have observed ants to participate actively in the 
removal of seeds from the capsules of several of the species (also see Fryxell 
et al. 1992). 
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In addition to the morphological, geographical and ecological isolation 
of the group, sect. Grandicalyx species are cytogenetically distinct. 
Although aU diploid species of Gossypium have the same chromosome 
niraiber (n = 13). genome size varies considerably (Endrizzi et al. 1985), with 
species from Australia having the largest chromosomes. Within the 
Australian species, species in sect. Sturtia and sect. Hibiscoidea have 2C 
DNA contents of approximately 5 and 4.5 pg. respectively (Bennett et al. 
1982), whereas the recently described species in sect. Grandicalyx (FryxeU. 
et al. 1992; Stewart 1995; Stewart et al. 1997) have an estimated genome 
size of 7 pg (Stewart unpub.), the largest in the genus. 
Previous phylogenetic studies in Gossypmm (e.g., Wendel 1989; 
Wendel and Albert 1992; Wendel et al. 1995; Seelanan et al. 1997) focused 
on generic level relationships or groups other than Australian Gossypium 
(but see Wendel et al. 1991). Collecting expeditions to the Kimberley region 
in 1981, 1983, 1985 and 1993 have led to an increased understanding of 
the group and its morphological diversity (FryxeU et al. 1992; Craven et al. 
1995; Stewart et al. 1997), while highlighting a number of taxonomic and 
phylogenetic questions. These trips also provided the quantity and diversity 
of accessions needed to address the evolution of the group. Morphological 
and molecular analyses of this material have allowed us to address the 
following questions: (1) Are the Kimberley cottons monophyletic, as 
prestmied on the basis of their apparent morphological, ecological, and 
cytogenetic distinctiveness? (2) What are the phylogenetic relationships 
among K-genome species? (3) Can phylogenetic data be used in 
conjunction with other information to gain insight into the relative recency 
of origin of the presimiptive clade, its phytogeographic history, and the 
evolution of its novel morphological features? These questions are 
addressed in the present study using inferences gained from DNA sequence 
analysis of three molecular data sets, one from the chloroplast genome 
[rpllS intron), and two from the nuclear genome (the internal transcribed 
spacer of the 18S-26S rDNA and an alcohol dehydrogenase gene). 
BAATERIALS AND METHODS 
Plcait Materials. Sixty-four accessions of 17 species of Austrsilian 
Gossypiianwere used (Table 1). Leaf material for DNA extractions was 
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collected from individual plants growing in their native habitats or from 
first-generation plants grown from seeds obtained during collecting 
expeditions undertaken in 1981, 1983, 1985 and 1993. Voucher specimens 
are deposited at the Australian National Herbarium, Canberra, Australia, 
and at the Northern Territory Herbariimi in Darwin, with many duplicates 
deposited at the Ada Hayden Herbariimi at Iowa State University. Sampling 
density varied among species, and wsis primarily based on preliminary 
assessments of morphological diversity and relative breadth of geographic 
distribution. For species in sect. Sturtia, 5 accessions of the widely 
distributed G. sliLrtianum and 2 accessions of the more narrowly distributed 
G. robtnsonii were sampled. For sect. Hibiscoidea, we sampled 2 accessions 
each of G. nelsonii Fiyxell and G. australe F. Mueller and 3 accessions from 
G. bickii (one of an accession where leaves range from unlobed to slightly 
lobed, and two with leaves that are trilobed). Sampling of the K-genome 
taxa was as follows: 2 accessions of the restricted and geographically 
isolated G. cimninghainii; 3 accessions of each of the well-defined species G. 
anapoidesJ. M. Stewart, Craven & J. F. Wendel, G. costuLatum Tod., G. 
enthyle Fiyxell, Craven & J. M. Stewart, G. londonderriense Fryxell, Craven 
& J. M. Stewart, and G. nobile Fryxell, Craven & J. M. Stewart; and 4 to 6 
(mostly) accessions from each of the more morphologically variable and in 
some cases intergrading species G, exiguum Fryxell, Craven & J. M. Stewart, 
G. marchantii Fiyxell, Craven & J. M. Stewart (only 4). G. pilosum Fiyxell, G. 
popiAtfoliumiBenth.) F. Mueller ex Tod., G. pidcheEum (C. A. Gardner) 
Fryxell, and G. rotundifolium Fryxell, Craven & J. M. Stewart. Sampling 
localities are shown in Fig. 1. 
Outgroups for Australian cottons as a whole (subgenus Sturtia) were 
selected based on cpDNA- and ITS-based phylogenies (Wendel and Albert 
1992; Seelanan et al. 1997). These analyses indicate that the Australian 
group is monophyletic and sister to species having other genomes (A, B, D, 
E, F). For the present study, we selected the A-genome species, G. arboreum 
L. or G. herbaceumL., as outgroups largely because we have the complete 
sequences of rpllG intron and ITS from G. arboreum (Wendel et al. 1995; 
Small et al. 1998), and the sequence of AdhD from G. herbaceum (Small and 
Wendel. unpubl.). Our choice of outgroup taxa for different data sets shotdd 
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have little effect on the resulting phylogenies because G. arboreum and G. 
herbaceum are closely related. 
Data Acquisition. Total genomic DNA was extracted (Paterson et al. 
1993) from silica-gel-dried leaf materials from field collections or from fresh 
leaves of plants grown from the original collections. Three regions of gene/ 
intron/spacer were selected in this study; the rpll6 intron from the 
chloroplast genome; and two sequences from the nuclear genome, the 
internal transcribed spacer (ITS) from the 18S-26S rDNA repeat and AdhD, 
one of several alcohol dehydrogenase genes present in diploid Gossypium 
species (Millar and Dennis 1996; Small et cil. 1998; Small and Wendel, 
unpublished). Fig. 2 (top) shows the approximate locations of primer sites 
used to generate AdhD sequences. DNA sequence data were obtained by 
direct sequencing of double-stranded PGR templates. 
Primers for double-stranded PGR amplifications of the rpLl 6 intron 
are from Jordan et al. (1996). Amplification primers and PGR conditions for 
ITS are listed in Wendel et al. (1995). AdhD was amplified using the 
following primers: X2-2 (5'-GGAATGGAGGTTCGTCTG-3') and X8-3 
(S'-GATCATGGGATTAATGTrTG-S'). These primers amplify a region from 
near the 3' end of exon 2 to the 5' end of exon 8. PGR amplifications for 
AdhD were performed in 50 reactions containing Ix Toq buffer, 2 mM of 
MgClj, 200 mM of each deoxynucleotide triphosphate, 0.2 mM of each 
primer, and 2,5 units of Toq DNA polymerase (Promega, Madison). 
Amplifications were carried out in a ThermoGycler PTG-100 (MJ Research) 
using the following parameters; 30 cycles of [1 min at 95G, 1 min at 50C, 2 
min at 72C1, followed by 7 min at 72G. 
DNA sequencing was performed either manually or with automated 
DNA sequencing equipment. For the rpll 6 intron region. PGR products 
were cleaned using Wizard PGR Preps (Promega) and then sequenced using 
primer F71 (Jordan et al. 1996), F627 (5'-CGGAAGAAAGGAGAGACGAG-3'), 
R699 (5'-TGGGGGGGGAATATTrAG-3'). and R1516 (Kelchner and Wendel 
1996). Sequences were obtained on an ABI DNA Sequencer using 
dRhodamine terminators; 300 to 400 ng of DNA template was used for each 
reaction. For ITS sequencing, PGR products (5 [iL of 10+ ng/nL 
concentration) were treated with shrimp alkaline phosphatase and 
exonuclease (Amersham, Arlington Heights, EL), as suggested by the 
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manufacturer to remove unincorporated nucleotides and primers. Five jiL 
of treated PGR products served as templates for DNA sequencing using the 
Thermosequenase terminator cycle sequencing system (Amersham) 
following the manufacturer's instructions. Due to GC compression of the 
ITS region in Gossypium, dITP was used in the termination mix. 
Electrophoresis was performed on 5% (long gel) and 6% (short gel) 
polyacrylamide gels (LongRanger, FMC) in 1* TTE (Tris-HCL/Taurine/ 
EDTA), followed by autoradiography for 2 - 3 days. For AdhD, PGR products 
were gel-fractionated in 1.5% low-melt agarose (Promega), stained with 
ethidium bromide, and visualized using UV light. PGR products having the 
correct size were removed from the gel and used as templates for DNA 
sequencing. DNA sequencing, electrophoresis, and autoradiography were 
the same as for ITS except that dGTP was used in the termination mix. In a 
few cases, dlTP was used to resolve compression. Primers used in AdhD 
sequencing were the amplification primers X2-2 and X8-3, and the internal 
primers X6 (5'-ATGAAGAGGAATAATCGTAGAA-3'). and X5-1 
(S'-GGGAGAGTTGAAGGi'l'lG-3'). In some cases, it was necessary to employ 
the additional internal primers X5-2 (5'-AATAAm"iGGAGGTCTTGG-3') and 
X4-4 (5'-ACGTCACCCACACTCTCAAG-3'). 
Copy number estimation for AdhD. Southern blot analysis was 
employed to verify that AdhD is a single-copy gene. Representative 
accessions from each section were used, including G. sturtianum (sect. 
Sturtia), G. bickii (sect. Hibiscoidea), and G. costulatum, G. exiguum, G. 
londonderriense, and G. pulcheUum (sect. Grandicalijj^. Probe selection for 
Southern blot analysis was determined from comparison of sequences of aU 
Adh loci. Preliminary experiments (Small and Wendel, unpubl.) indicated 
that the intron 3 region would be useful as an AdhD locus-specific probe. 
Choice of restriction endonucleases was determined from the complete 
AdhD sequences of ingroup taxa, and two unique restriction sites, one 
upstream and the other downstream of intron 3, were selected. 
Approximately 10 |ig of each genomic DNA was digested with each of two 
restriction endonucleases, NsR and EcoRI. Agarose gel electrophoresis, 
transfer to nylon membranes, hybridization of membrane-boxmd fragments 
to PPJdCTP-labeled probes, and autoradiography were performed as 
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described in Sambrook et al. (1989). Hindni/EcoRI-digested 1 DNA 
fragments were used as size standards. 
Data AnaJysis. For all three data sets, character-based phylogenetic 
analyses were performed using PAUP 3.1.1 (SwofFord 1993) and MacClade 
3.07 (Sinauer, Sunderland, Massachusetts), and distance based 
phylogenetic analyses were carried out using PHYLIP version 3.572 
(PHYLogeny Inference Package, Department of Genetics, University of 
Washington, WA). MEGA 1.1 (Kumar et al. 1993) was used for statistical 
characterization of each data set. In character-based phylogenetic analyses, 
phylogenetic signal in each data set was determined as suggested by HiUis 
and Huelsenbeck (1992). We estimated values by sampling 10® random 
trees in PAUP. Tree estimation was carried out by using the following 
parameters in PAUP: HEURISTIC search with 1,000 random sequence 
additions, 10 trees kept in each replicate, MUUPARS ON and TBR branch 
swapping. Bremer support (Bremer 1988) was evaluated as described 
elsewhere (Seelanan et al. 1997). Data sets were analyzed as follows; 
rpll6 intron. Sequences were aligned initially using GCG—pileup 
and then manually adjusted as necessary. Alignment was relatively 
straightforward given the small nimiber of problematic gaps. Regions where 
sequence alignment was questionable were excluded from the suialyses. 
Because rpll 6 intron sequences from accessions within the same species 
showed little to no variation, redundant accessions were omitted from the 
analyses. Depending on how potentially phylogenetically informative gaps 
were coded, four different analyses were conducted; namely, (a) gaps were 
coded as missing; (b) gaps were coded as presence/absence, but gaps at the 
original position in the aligned sequences were excluded from the analysis; 
(c) gaps were excluded with no re-coding; and (d) gaps were coded as 
presence/absence characters and the original gaps were included in the 
analysis and coded as missing. 
ITS. Sequence alignment required only a few one-bp gaps to obtain 
proper alignment and was done by hand. Phylogenetic analyses of ITS data 
were the same as those performed for rpll6 except that all gaps were treated 
as missing data, and no gaps were scored SLS presence/absence characters. 
Ribosomal DNA (rDNA) genes are biparentally inherited and exist in highly 
reiterated tandem arrays. Consequently, when PGR products are used for 
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DNA sequencing, low levels of sequence pofymorphism may occur, either 
firom allelic heterozygosity or incomplete homogenization by concerted 
evolution. In such cases, polymorphisms (referred to MSTAXA in PAUP 
3.1.1) were treated as UNCERTAINTY' or POLYMORPH when analyzed in 
PAUP 3.1.1. Preliminary analysis showed that trees recovered when 
polymorphism was treated as UNCERTAINIY were the same as or a subset 
of those recovered when polymorphism was treated as POLYMORPH. 
However, measures of consistency, homoplasy, and tree length differed 
considerably in the two analyses. Since there was no difference in the tree 
topology regardless of polymorphism treatment, polymorphisms were 
treated as UNCERTAINTY. For analysis using MEGA, poljmaorphisms were 
treated as missing data, because MEGA cannot handle polymorphic 
characters. 
AdliD. Sequences of AdhD were easily aligned, requiring only a few 
one- to several-bp gaps. Three phylogenetic analyses of AdhD were carried 
out: (1) for the whole data set; (2) using only data firom exon sequences: and 
(3) using only intron sequences. Gaps were treated as missing data with the 
exception that one indel (insertion/deletion) in intron 5 was excluded. 
Pofymorphism was anticipated if plants were heterozygous at AdhD, and 
indeed, some polymorphism was detected. In these cases the polymorphic 
characters were treated as UNCERTAINTY for all analyses (or missing data 
using MEGA). 
RESULTS 
Sequence Vcuriation 
rpll6 intron. The aligned matrix of rpll6 intron sequences was 
1,155 bp in length. This matrix starts at the twentieth nucleotide of the 
rpll6 intron and ends at the seventeenth nucleotide of exon 2. Thus, nearly 
the entire length of each sequence (1.138 bp of aligned sequence) was 
composed of introns. Overall, sequences from rngroup taxa were easily 
alignable, requiring only insertions of gaps of only one to several bp. In one 
region 62 bp in length (corresponding to positions 455-517 of the 
aUgrmient). foxir indels occurred, with one instance (in G. anapoides) 
representing an insertion of a direct repeat 7 bp in length (corresponding to 
positions 455-517). When aligning sequences from the outgroups, this 
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same region of 62 bp was unalignable to the corresponding region in the 
ingroup. Accordingly, this region was not included in any of the 
phylogenetic analyses. Although rpll6 sequences from multiple accessions 
of the same species were often identical, intraspeciflc variation was found in 
sequences from G. stLirtiamirri, G. bickii, and 10 of the 12 species of sect. 
Grandiccdyx. On average, rpll6 sequences have a GC content of 30%. as is 
typical of this region in other plants (Palmer 1991). Of the 1,138 bp used 
for phylogenetic analysis, 26 sites were variable within the data set as a 
whole. For ingroup taxa alone, 20 sites were variable, and only 9 sites were 
potentially phylogenetically informative, excluding gaps. There were 15 
indels, of which 5 were potentially phylogenetically informative. Because 2 
potentially informative indels were within the excluded region (see above), 
only 3 indels were included in phylogenetic analyses. 
ITS. Of 64 ingroup taxa, only 61 ITS sequences were obtained. ITS 
sequences could not be obtained from two accessions of G. nobile [4229 and 
4235] and one accession of G. enthyle [9224]. As a result, only one ITS 
sequence from G. nobile [4231] and two sequences from G. enthyle [9238 
and 92391 were included. Aligned ITS sequences were 688 bp in length 
(rrSl = 296 bp; ITS2 = 228 bp), with the alignment requiring only seven 
single-bp indels. The 5.8S gene was 164 bp in all taxa. Four and three 
single-bp indels were found in ITSl and ITS2, respectively. The GC content 
of rrS, on average, was double that of the rpll6 intron, or 60%. Of 688 
aligned nucleotides, 88 were variable: 56 in ITSl. 1 in 5.8S, and 31 in ITS2. 
When considering only ingroup taxa, 60 sites were variable, of which 39 
were potentially phylogenetically informative: 21 in ITSl. 1 in 5.8S, and 17 
in ITS2. 
AdhD. Based on Southern blot experiments (Fig. 2) of representative 
taxa from each section, we inferred that AdhD occurs as a single locus in 
Australian Gcssypium. This increased our confidence that we were 
sampling orthologous sequences from the accessions and species studied. 
Sequences of AdhD started in exon 2 and ended in exon 8 (Fig. 2). Aligned 
sequences of AdhD, excluding an unreadable region in intron 3, were 1,601 
nucleotides in length, consisting of 684 bp of exon sequence and 917 bp of 
intron sequence. No indels were detected in any of the seven exons 
sequenced, but 18 gaps were required in the introns. Each of these was 
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only one to several bp in length. Of the 18 indels, one (in intron 5) that 
occurred exclusively in all species of sect. GrcaidicaJyx appeared to be 
caused by a series of mutational events, such as an inversion in conjimction 
with indels in flanking regions. Accordingly, this indel was excluded from 
the analyses. Of the indels detected, four were potentially phylogenetically 
informative, of which one appeared to be homoplasious. For the whole data 
set, 136 sites — 39 and 97 in exon and intron positions, respectively — 
were variable. When considering only ingroup taxa, 114 sites (33 exon. 81 
intron) were variable. Of these 114 sites. 42 (13 exon, 29 intron) were 
potentially phylogenetically informative. 
Table 2 summarizes some of the characteristics of the AdhD 
sequences sampled. AdhD sequences were partitioned into exon and intron 
regions, revealing differences in GC content (-50% vs. ~30% in exons vs. 
introns, respectively), and amounts of divergence as indicated by the 
number of nucleotide substitutions in exon and intron regions from species 
in different sections. As illustrated in Table 2, divergence levels for exons of 
species in sect. Sturtia and sect. Hibiscoidea are lower than those for 
introns. In contrast, there is no difference in divergence amount for exons 
and introns of species in sect. Grandicabjx. In addition, divergence levels 
for exons in sect. Sturtia are about half of those in sect. Hibiscoidea, 
whereas the amoimt of divergence is the same for introns. Finally, 
synon3Tnous substitutions predominate in all three sections: synonymous 
substitution rates are 6.5. 3.0. and 18.5 times higher than nonsjoionymous 
substitution rates in sect. Sturtia, sect. Hibiscoidea, and sect. Grandicalyx, 
respectively. 
Phylogenetic Antilysis 
rpll6 intron. For this data set, the statistic was -1.20, which 
indicates that the data are more structured than random (P > 0.01). Four 
separate analyses were carried out. In the first analysis, gaps were treated 
as missing data. Only one most parsimonious tree with no homoplasy was 
recovered (Fig. 3, Tree 1). with a length of 26 steps (9 steps if uninformative 
characters are excluded). This tree consists of an unresolved trichotomy, 
with the three branches being G. robinsonU: G. sturtianum, G. bickii, and G. 
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cimninghjomii: and all remaining taxa. There was little resolution in the last 
clade. 
In the second analysis, gaps were excluded from the data matrix, but 
recoded as presence/absence characters. Six most parsimonious trees were 
found, and none was the same tree as that in the first analysis. Trees were 
35 steps in length with a CI of 0.971 and a RI of 0.981 (tree length = 13 and 
CI = 0.923 when uninformative characters are excluded). The topologies of 
the most parsimonious trees found in this second analysis were similar to 
Tree 1 in Fig. 3, with the replacement of a topology in the dashed box with 
one of topologies A, B, C. or D in the inset. It should be noted that although 
there were 6 trees found in this analysis there were only 4 sets of trees: the 
first set consisted of 2 trees whose replacement topology is A; the second set 
also had 2 trees whose replacement topology was the same as topology B; 
the third and the fourth sets each contained only one tree whose 
replacement topologies were C and D, respectively. Inspection of both trees 
in the first and the second sets revealed that the difference between the two 
trees in a given set was due to the zero-in-length branch assigned by PAUP 
for the (G. bickii-G. cimninghjcmm-G. stwtianum) clade in topology A. and for 
the {Gossypium bickii-G. robinsonii-G. shirtianum) clade in topology B. 
Specifically, in topology A, PAUP assigned the clade of these 3 species as 
either ((G. cimninghamii 499785, G. ciuininghomii 499785), (G. bicfcii 
464843, (G. bickii 9360, G. sturtianum 499810, G. slnrtiariuin 5237))) or ((G. 
cwminghamii 499785, G. cimninghcimiL 499785], G. bickii 464843, (G. bickii 
9360, G. sturtianiLrn 499810, G. stiirticinum 5237)). In topology B, PAUP 
assigned the clade of these 3 species as either (G. robinsonii 9297, (G. bickii 
464843, (G. bickii 9360, G. sturtianum 499810, G. sturtianum. 5237))) or (G. 
robinsonii 9297, G. bickii 464843, (G. bicfcii 9360, G. sturtianum 499810, G. 
sturtianum 5237)). When the zero-in-length branches were collapsed, only 
topologies A and B were found. As a result, only four replacement 
topologies are shown in Fig. 3. The differences among these six trees were 
that: (a) inset taxa formed either a dichotomy or trichotomy; (b) when the 
inset taxa formed a dichotomy, there were two sets of trees: one set 
consisted of trees where G. robinsonii was sister to the G. sturtianum-G. 
bickii-G. curmingharrmcla.de (Tree 1 with topology-^, and the other one 
contained trees where G. cunnirighanw. was sister to the G. sturtianum-G. 
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bickii-G. robinsonii clade (Tree 1 with topology B); (c) when inset taxa 
formed a trichotomy, either G. robinsoTui was in a separate clade and G. 
cxinmngharnii was in the G. sturtiaman-G. bickii dade (Tree 1 with topology 
C). or G. robinsonii was in the G. s1iirtiammi-G. bickU clade but G. 
cunninghaiTvivfas in a separate clade (Tree 1 with topology D). In all cases, 
the clade consisting of G. australe, G. nelsonU, and the rest of species In 
sect. Grondicalyx remained topologically imchanged. This unchanged clade 
had the same topology as the respective clade in the tree from the first 
analysis. 
In the third analysis, gaps were excluded and not recoded. This 
procedure led to the recovery of only one most parsimonious tree, with tree 
statistics and a topology that were identical to those resulting from the first 
analysis. In the fourth and final analysis, gaps were treated as missing and 
were also recoded as presence/absence characters. Six most parsimonious 
trees were recovered, identical to the trees recovered in the second analysis. 
A neighbor-joining analysis, using distances based on Jukes-Cantor 
corrections for multiple hits (Jukes and Cantor 1969), is shown in Figure 3 
as Tree 2. This tree shows the same primary three clades as recovered in 
the pgirsimony analysis, a similar absence of resolution within the clade 
consisting of all taxa but G. cvrminghamii of sect. Grandicalyx and G. 
australe and G. nelsonii, and a relationship among accessions shown in the 
inset that was not found in any of the character-based analyses. 
ITS. Due to the limitation on the number of maximum trees that may 
be retained in PAUP, we adopted the following procedure to estimate the 
most parsimonious trees from the ITS data as well as from the AdhD data 
set: searches were conducted as described in MATERIALS and METHODS but at 
least ten runs were carried out. Trees from each run were compared, and it 
was found that varying percentages of trees were the same in separate runs. 
The absence of complete intersection of the sets of trees recovered by 
independent runs indicated that each run explored slightly different islands 
of trees. Because the differences among the tree islands appeared to be 
minor, we compared the strict consensus tree from each run. In every case, 
each run gave the same strict consensus tree. WhUe this procedure does 
not guarantee that the single shortest tree or set of trees has been found, 
this procedure, combined with the limited sequence variation involved in the 
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analyses, suggested that the resulting estimated phylogenies represented 
reasonable approximations of what could possibly be Inferred from 
parsimony analysis of the data at hand. Because so many equally shortest 
trees were found for both the ITS and AdhD data sets, we present only the 
strict consensus tree for each. 
For the ITS data set, the QI statistic was -1.17, which indicates that 
the data are more structured than random (P > 0.01). The strict consensus 
is shown in Fig. 4 CTree 1). Tree lengths for the constituent trees are 106, 
with CI and RI values of 0.887 and 0.947, respectively (tree length = 67 eind 
CI = 0.821 if uninformative characters are excluded). The strict consensus 
tree indicates that the clade consisting of species in sect. Sturtia and sect. 
Hisbiscoidea (G. robinsoTui through G. austrcde, top) is sister to the clade of 
species in sect. Grandiccdyx (all others, except the outgroup species G. 
arboreurnl}. Within the former clade, species in sect. Sturtia (G. robinsonii 
and G. sturtianimii are sister to sect. Hibiscoidea (G. austrcde, G. bickii and 
G. nelsonui, although resolution regarding the relationship among the three 
species in sect. Hibiscoidea is imclear. In the clade consisting of all species 
in sect Grandiccdyx, there was strikingly little resolution. A few weakly 
supported clades were formed: the clade of G. exiguum, G. londonderriense, 
G. pilosum, G. rotundifolium and one accession of G. marchantu; the clade of 
G. anapoides, G. cimninghamii, and another accession of G. marchantiU the 
clade of G. populifolium (accession 9203) and G. costulatum (accession 
9260); and the clade containing aU sect. Grandiccdyx taxa but G. nobile. 
Distance-based phylogenetLc analysis led to the recovery of Tree 2 in 
Figure 4. This tree is similar to that obtained from parsimony ancdysis in 
most respects, including the resolution of a monophyletic sect. Grandicalyx 
and resolution of a (sect. Sturtia + sect. Hisbiscoideai clade as the sister 
group of sect. Grandiccdyx. The neighbor-joining tree highlights the relative 
paucity of ITS sequence evolution within the clade of sect. Grandiccdyx, as 
indicated by the minuscule branch lengths shown. Finally, the neighbor 
joining and parsimony analyses jrield different inferences regarding the 
position of G. robinsoTui and the relationships among the sect. Hibicoidea 
species. 
AdhD. Values of the statistic for the entire AdhD sequence (exon 
and intron), exons alone, and introns alone were -1.52, -1.38, and -1.33, 
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respectively. This indicates that data from each partition is more structured 
than random [P > 0.01). Separate analyses were performed on each of these 
three partitions, and the results are summarized as shown in Fig. 5 {Tree 
1), which presents a strict consensus obtained for the entire sequence, exon 
partition, and intron partition, respectively. When anatyzing the entire 
AdhD region, the shortest trees had 146 steps with CI and RI values of 
0.959 and 0.964, respectively (tree length = 69 and CI = 0.913 when 
uninformative characters were excluded). Inferences based on the 
phylogeny estimated from the entire AdhD data set include (1) species of 
sect. Grandicalyx are monophyletic, with hi^ branch support: (2) within 
this clade, all accessions of G. exigiamu G. pilosian, G. rotimdifoUum and one 
accession from each of G. enthyle, G. marchantii, and G. populiJbUum form a 
weakly supported monophyletic group: (3) all accessions of G. 
londonderriense form a monophyletic group with one accession of G. 
costulatum; (4) G. cunninghamii is sister to G. anapoides: (5) sect. SturticL is 
monophyletic: and (6) sect. Hibiscoidea is not monophyletic. 
When only exon nucleotide positions were included in the analysis, 
the shortest trees had 40 steps with no homoplasy (tree length =18 and 
CI=1.0 when uninformative characters were excluded). The strict 
consensus tree and inferences from this analysis were nearly the same as 
those found when the entire AdhD region was analyzed, as shown in Fig. 5. 
The differences between the two consensus trees were that: (1) branches 
supporting G. loridonderriense and G. costulatum collapsed: and (2) the 
branch uniting G. cwrmmghamii and G. anapoides disappeared. 
When phylogenetic trees were estimated from only intron positions, 
the shortest trees obtained had 106 steps, with CI and RI values of 0.943 
and 0.945, respectively (tree length = 51 and CI = 0.882 when iminformative 
characters were excluded). The strict consensus tree from this analysis is 
similar to that from analysis of the entire data set, with the following 
exceptions: (1) sect. Sturtia species were not resolved as monophyletic (thick 
line. Fig. 5, Tree 1); and (2) the branch holding all accessions of G. adguimu 
G. pilosvm, G. rotLrnxdifoIium and one accession from each of G. enthyle, G. 
marchantii, and G. populifoUum was not present. 
Neighbor-joining analyses of AdhD were conducted in the same 
manner as the parsimony analyses, namely, with separate runs for three 
97 
partitions of the data. Results from each analysis paralleled those obtained 
from the character-based analyses. The tree obtained from the entire AdhD 
region is shown in Fig. 5 CTree 2). Overall, the tree topology leads to the 
same inferences as those obtained from the parsimony analysis. As was the 
case for the rpll6 and ITS data, branch lengths within the clade of sect. 
Grandicalyx are short, once more imderscoring the limited sequence 
evolution that has occurred among sect. Grandicalyx species. 
DISCUSSION 
Phylogenetic v%ferences 
Iitferences bctsed on cpDNA sequences. Previous phylogenetic 
analyses that included Australian cottons (Wendel et al. 1991; Wendel and 
Albert 1992; Seelanan et al. 1997) sampled few accessions from the 
Kimberley region. Nonetheless, these earlier studies suggested several 
cladistic relationships that were also found in the present study. Of 
particular note is the phylogeny inferred from the chloroplast rpll6 Intron 
(Fig. 3), which corroborates the close cytoplasmic affinity of G. bicfcii and G. 
cxmntnghamii, species from sect. Hibiscoidea and sect. Grandicalyx, 
respectively, to each other and to G. sturtianum, a species in sect. Sturtia. 
These results conflict with data from morphology and from nuclear 
molecular markers, and hence, inclusion of these three species, one from 
each of the three taxonomic sections, in a single clade has been interpreted 
as reflecting past hybridization between their ancestors (Wendel et al. 1991; 
Wendel and Albert 1992). Because of this past reticulation, sect. Sturtia, 
sect. Hibiscoidea, and sect. Grandicalyx are paraphyletic, when considering 
data from the chloroplast genome. 
A second inference from the rpll 6 data, also reported by Wendel and 
Albert (1992), is the inclusion of the other two species of sect. Hibiscoidea, 
G. austrole and G. nelsorm, with the remaining species of sect. Grandicalyx 
However, no inferences regarding the relationship of these two species in 
sect. Hibiscoidea to any species in sect. Grandicalyx can be drawn from the 
character or distance based phylogenies based on the rpll 6 data (Fig. 3). As 
is evident from the lack of character support in the parsimony-based tree 
and the short branches in the NJ tree (Fig. 3), rpll 6 possessed little 
variation (26 variable nucleotide positions, of 1,155 scored) in this group of 
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taxa, and hence few potentially informative characters (9) were available for 
phylogeny reconstruction. 
We view the near-absence of rpll 6 sequence evolution within the 
diverse assemblage of species in sect. Grandicalyx (and those two species In 
sect. HibiscoidecHi to be a notable result in itself. The rpll 6 intron is often 
selected for use in phylogenetic studies because of its relatively high rate of 
sequence evolution (Kelchner and Wendel 1996; Kelchner and Clark 1997; 
Small et al. 1998: Schnabel and Wendel 1998), yet in the present study only 
two nucleotide substitutions were detected that serve as synapomorphies 
within sect. Grandiccdyx (Tree 1, Fig. 3). The remaining seven potentially 
informative characters support branches uniting G. stnrtiaraiTn-G. bickii-G. 
curminghamii (1 character), branches within that clade (4 characters), and 
the branch consisting of sect. Grandicalyx taxa along with G. australe and 
G. nelsonii (2 characters). 
In other plants the rpll 6 intron has been found to experience 
relatively rapid rates of insertions and deletions, and in some cases these 
Indels have proved to be useful phylogenetic characters (for example, in the 
bamboo genus Chusquea: Kelchner and Clark 1997). In the present study, 
15 indels were detected, and of these 11 were included in phylogenetic 
analyses (four were excluded due to alignment uncertainties). Nine of the 
11 indels were autapomorphic, while the remaining two provide the only 
characters that unite G. australe, G. nelsonii, and £iU but G. cimninghjormi 
together. 
Inferences based on sequences from the nuclear genome. The 
limited sequence evolution observed with rpll 6 was paralleled in the ITS 
and AdhD data sets, yet they concur with respect to several phylogenetic 
inferences. First, sect. Grandicalyx is a monophyletic group, as indicated by 
the high support for monophyly in both data sets (11 characters with 
Bremer support of 10 for ITS; 14 characters with Bremer support of 13 for 
AdhD). Second, in contrast to the results based on cpDNA sequences, 
nuclear phylogenies lead to the inference that sect. Sturtia is monophyletic. 
This inference is strongly supported by the ITS data (6 characters with 
Bremer support of 6), but is only weakly (NJ analysis) or not at all 
(parsimony analysis) supported by the AdhD data. A third result is the 
revelation of a close relationship between the newly (and as yet informally) 
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described (Stewart et al. 1997) species G. anapoides and the geographically 
disjunct and cytoplasmically introgressant (Wendel and Albert 1992) species 
G. ciavunghamtL This close relationship has low (1 character) but 
consistent character support across data sets. In the AdhD data, support 
consisted of a S3mapomorphic deletion of two nucleotides (scored as a single 
character) near the 3' end of intron 7, and hence, this clade does not appear 
in phylogenies generated from exon data alone (Fig. 5). Fourth, and finally, 
both the rrS and the AdhD data sets revealed virtually no resolution within 
sect. Grandicalyx, reflecting the paucity of molecular evolution that has 
occurred in these taxa since their divergence from a common ancestor. 
Although both data sets provide as many as 42-44 potentially 
phylogenetically informative characters overall, one-half to two-thirds of 
these characters support monophyly of the three sections, leaving relatively 
few characters for inferring relationships among taxa within each section. 
With respect to sect. Grandiccdyx, there were far more terminals included in 
the analyses (32 for ITS; 42 for AdhD) than there were potentially 
phylogenetically informative characters (10-20), and hence, lack of 
resolution was unavoidable. 
Given the low level of resolution within the sect. Grandicalyx clade, 
there were few discrepancies between the ITS and ActfiD-based phylogenies. 
One discrepancy involved relationships among sections, where in the ITS-
based phylogeny, sect. Sturtia is sister to sect. Hibiscoidea, and the clade of 
these clades is sister to sect. Grandicalyx. For the AdhD data, this 
hierarchy is only recovered using NJ analysis, although results from 
parsimony analysis do not directly contradict this inference (Fig. 5). 
Support for the sister-group relationship between sect. Sturtia and sect. 
Hibiscoidea in the ITS data set is low (3 characters with Bremer support of 
1). A second difference between the AdhD and ITS phylogenies concerns 
relationships among the three species in sect. Hibiscoidea: G. australe, G. 
bickii, and G. nelsoruL These three form a strongly supported monophyletic 
group based on ITS data, whereas for AdhD this inference is supported only 
by the NJ analysis. A third discrepancy between the topologies based on 
the AdhD and ITS data sets concerns the inclusivity of the "prostrate" clade, 
i.e., the weakly but consistently supported clade that includes the prostrate 
to decumbent taxa G. exiguum, G. rotundtfoliuiru and G. pilosurrh Hie two 
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phylogenies differ with respect to the inclusion of G. londondernense, G. 
populifoUian accessions 4257 and 499808, and G. enthyle accession 
LC9239. 
Compcuison ttf phylogenies based an cpDNA <ind nuclear 
sequences. Comparisons of the phylogenetic results of the three molecular 
data sets permit several conclusions. First, sect. Grandicalyx appears 
monophyletic, in accordance with expectations based on their many 
morphological, ecological, qrtogenetic and geographical distinctions. The 
single exception to molecular monophyly concerns the aberrant species G. 
cunmnghainii, which appears to have experienced cytoplasmic introgression 
from a species in sect. Sturtia (Wendel and Albert 1992; present study. Fig. 
3 vs. Figs. 4, 5). Identification of G. anapoides as the closest relative of G. 
cunninghaTTui, in the AdhD and ITS data sets, suggests a possible lineage of 
the paternal ancestor of the putatively reticulate species; this suggestion is 
a second noteworthy inference based on the phylogenetic results. A third 
conclusion is that species in sect. Grandicalyx appear to have diversified 
relatively recently (as discussed below). In this respect, perhaps the most 
impressive feature of the three molecular data sets is that species in sect. 
Grandicalyx exhibit so little sequence variation. Nearly 2 kb of nuclear 
sequence (two-thirds intron and spacer) and over 1 kb of non-coding cpDNA 
sequence was generated for each accession, and yet virtually no resolution 
within sect. Grandicalyx was obtained using any of the three data sets. 
Because of the absence of resolution there was no opportunity for 
incongruence between data sets, and for this reason, as well as because 
sampling of accessions was not strictly parallel across data sets, we did not 
perform any combined analyses (aia Seelanan et al. 1997). Fourth, the 
molecular data suggest that both sect. Sturtia and sect. Hibiscoidea are 
monophyletic, although the two species of the former are paraphyletic in the 
cpDNA tree (Fig. 3) and the three species in the latter remained unresolved 
in the tree resulting firom parsimony analysis of the AdhD data (Fig. 5). 
Finally, the molecular data identify, if only incompletely, a clade consisting 
of the prostrate Kimberley species of sect. Grandicalyx 
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Intraspecific polymorphism 
The low levels of sequence variation observed in all three molecular 
data sets suggest that there should be little to no variation among 
accessions of most species of sect. Grandicalyx. This expectation is 
bolstered by the fact that many of the species occur in smaU populations in 
highly restricted geographic ranges. Nonetheless, consistent but low levels 
of variation were found within most species. Multiple accessions were 
sampled from most species and as few as two accessions were sampled from 
others. For the rpllG intron data, 12 of 17 species sampled showed 
intraspecific variation (nucleotide substitutions and indels). Of these 12 
species, 10 are in sect. Grandicalyx, with one each from sect. Sturtia and 
sect. Hibiscoidea. For the ITS data, all species sampled exhibited 
intraspecific variation, whereas for AdhD, all species except G. cimninghamLi 
showed intraspecific variation. Most polymorphisms within species are 
autapomorphic, and hence do not impact our phylogenetic inferences. 
Several polymorphisms are shared among accessions of the same species or 
represent shared polymorphisms among species. The latter may have 
arisen from a number of causes, including sequencing error, lineage sorting, 
and interspecific gene flow. Peiiiaps the most interesting pofymorphisms 
are those that occur across species boundaries, i.e., the same 
polymorphism at a particular site is 'shared' by more than one species. For 
example, one polymorphic AdhD site is shared by G. pUosum [accessions 
499785. 499786, 499803, and CampRd], G. popvUfoUiun [accession 
499808], and G. rotundi/biium [accessions 5217, 9281, and 499789], which 
is notable in that these accessions are in close geographic proximity to each 
other. These data hint at one of the several potential causative phenomena, 
particularly incomplete coalescence or gene flow. In other cases 
polymorphisms are shared among geographically more disparate groups of 
accessions: the genesis of these shared polymorphisms is unknown. 
Origin of the Kimberley cottons 
The three molecular data sets may be used in conjunction with the 
sequence divergence to infer the timing of past cladogenetic and 
biogeographic events. We take into account a number of caveats and 
limitations to the use of molecular clocks (Hillis et al. 1996), including the 
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possibility of substitution rate heterogeneity among lineages, uncertainty 
regarding clock calibrations, and unknown, but presumably large, 
estimation errors. Accordingly, we view these estimates as offering useful, 
albeit imprecise, approximations of divergence times. 
Among the three data sets, ITS sequences were not used for 
divergence time estimation because these sequences exhibit significant rate 
heterogeneity within Gossypium (Wendel et al. 1995) and because rates of 
evolution for multigene families may be subject to more unknowns and 
larger variances than are those for single-copy genes. Before applying a 
clock based on rpll6 and AdhD, we first evaluated whether substitution 
rates were homogeneous within Australian Gossypium. To accomplish this 
we employed the methods of Tajima (1993) using the program Tqjima93 (T. 
Seelanan, unpublished). Results for rpll6 intron sequences indicated that 
nucleotide substitution rates are homogeneous, but this was not the case 
for AdhD. When the Tajima test was performed on the entire AdhD 
sequence or for introns only, significant substitution rate heterogeneity was 
fo\md among many taxa; when, however, the test was performed using just 
exon data, only G. sturtianum exhibited a significantly (P < 0.05) higher 
substitution rate than other taxa. Collectively, these rate tests establish 
that substitution rates for rpLl 6 intron and AdhD exons (excluding that of G. 
stuitianurrii are homogeneous, and were therefore useful for divergence time 
estimations. 
A critical aspect of divergence time estimation is clock calibration. 
For rpll 6, substitution rates for tetraploid Gossypium have been estimated 
to be 0.4 X 10 ® to 1.1 x 10'® substitutions per site per year (Wendel and 
Albert 1992; Seelanan et al. 1997; Small et al. 1998), whereas for Gleditsia 
and Gymnoclajdus, an intermediate rate has been published (0.6 x 10'® 
substitutions per site per year; Schnabel and Wendel 1998). These rates, 
for non-coding intron sequences, logically are similar to the range of 
synonjrmous substitution rates reported (E5n:e-Wcdker and Gaut 1997) for 
protein coding genes for palms (0.35 x 10'®) and grasses (1.2 x 10'®). For 
AdhD, we assimied previously published divergence times for G. herbaceum 
and G. raimondii (Wendel and Albert 1992; Seelanan et al. 1997) and used 
the AdhD sequence data for these same taxa (this study and Small, 
unpublished data) to calculate a rate of 3.6 x 10 ® to 7.2 x 10'® substitutions 
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per site per year. These values approximate the synonymous substitution 
rates reported for Adh exon data from grasses and palms (Eyre-Walker and 
Gaut 1997). For each lineage of interest, the time since divergence was 
obtained by dividing mean Jukes-Cantor distances by twice the rate of 
nucleotide substitution. The mean Jukes-Cantor distance within each 
section was calculated from all pairwise comparisons among taxa within the 
respective section, excluding comparisons among taxa within sub-clades. 
For example, to calculate the mean Jukes-Cantor distance for AdhD exons 
within sect. Grandicalyx, we considered all Jukes-Cantor distances from 
pairwise comparisons, excluding pairwise comparisons among taxa in the 
clade of G. extguum-G. rotundifolmrn-G. pilosum-G. enthyle (9239)-G. 
marchjantii (499770)-G. populifolium (499808), and pairwise comparisons 
between taxa in the clade of G. londonderriense 9194-SC29 (see Tree 1 of 
Fig. 5). To calculate mean Jukes-Cantor distances among sections, all 
pairwise comparisons between taxa in one section and taxa in the other 
section were used. Because we used a range of rates for each calibration, 
as noted above, upper and lower bounds for divergence times were 
estimated. 
The rpll6 data were used to estimate divergences within the three 
taxonomic sections of Australian cottons. These calculations suggest that 
the two species in sect. Sturtia separated from one another about 3 to 8 
million years before present (mybp), and that the earliest branching within 
sect. Grandicalyx occurred about 0.7-2 mybp. No variation was found 
between G. australe and G. nelsorm, and so divergence times within sect. 
Hibiscoidea could not be estimated. It should be noted that sequences of G. 
bicfcii and G. cimninghairm were not Included in these estimations, due to 
their putatively introgressant histories. Using AdhD exon data, remarkably 
similar values were obtained. Specifically, species in sect. Sturtia are 
suggested to have diverged 3-6 mybp whereas species in sect. Grandicalyx 
diverged from each other starting about 1.7-3 mybp. The AdhD data also 
permitted estimation for species of sect. Hibiscoidea, which are estimated to 
have undergone cladogenesis 7-14 mybp. 
We also used molecular clocks to estimate divergence among the three 
sections. Using AdhD data, the two arid zone sections, i.e., sect. Sturtia and 
sect. Hibiscoidea, are inferred to have separated from each other about 8 -
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15 mybp. These calculations also suggested that section Grandicalyx 
departed from sect. Sturtia and sect. Hibiscoidea about 10.5 - 21 mybp and 
11 - 22 mybp, respectively. This calculation highlights the long isolation of 
sect. Grandicalyx from the other two sections. 
Because the maximum sequence divergence between any two species 
in sect. Grandicalyx is low, we suggest that extant Kimberley cottons evolved 
from a relatively recent common ancestor. The molecular clock calculations 
imply that this common ancestor is Pleistocene {rpll6i or late Pliocene/ 
Pleistocene [AdhD] in age. Although sect. Grandicalyx is indicated to have 
diverged from other Australian cottons at a much earlier age, perhaps in the 
Miocene, speciation among its extant members has been more recent. In 
this respect, the surviving members of sect. Grandicalyx may be about the 
same age as the tetraploid members of the genus (Wendel 1989; Small et al. 
1998). 
Historical phytogeogrciphy of sect. GremdicaJyx 
The foregoing divergence time estimates provide a historical 
framework for species in sect. Grandicalyx These species have a geographic 
distribution that is restricted to the Kimberley Plateau in northwestern 
Western Australia, except for the single disjunct species. G. cimningkarnii, 
from the Cobourg Peninsula of the Northern Territory. Although some 
species have overlapping geographic ranges, as depicted in our Fig. 1 and 
Figs. 1-5 of Fryxell et al. (1992), most species have distinct distributions 
and are almost always isolated from each other. Some species have highly 
restricted ranges and/or are known from few populations, such as G. 
cunninghajTui, G. marchantii, and G. puZc/ieUum whereas other species, such 
as G. exigujum, G. rotxmdtfolium, and G. pilosiim are more widespread and 
may even morphologically intergrade in regions of contact. Still other 
species have large aggregate ranges, but consist of only a few highly 
disjimct populations. For example, only six populations of G. costulatum 
are known, yet these few populations are separated by as much as 300 
kilometers. 
All three molecular phylogenetic hj^otheses generated (Figs. 3-5) are 
remarkable for the absence of resolution among species of sect. 
Grandicalyx. This feature, when combined with the molecular clock results 
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and tJie distributional data, suggests that the phytogeographic history of the 
group may be as illustrated in Fig. 6. In this scenario, we postulate that the 
ancestor of modem species of sect. Grandicalyx had a wide geographic 
distribution obtained during more mesic times in the Miocene, and that it 
perhaps covered the entire Kimberley Plateau. A progressive increase in 
aridity resulted in range firagmentation of the ancestor into increasingly 
isolated geographic "pockets". Through time, this process led to local 
speciation and the present pattern of widely scattered localized populations. 
This scenario is clearly speculative, but it is consistent with the 
phylogenetic pattern (unresolved "rakes") and divergence time estimates. It 
is also simplified, and modifications of the basic scenario are possible, such 
as early diversification into two lineages, one representing the prostrate tava 
and the other those with a more upright habit. As an alternative scenario, 
one might postulate that present-day distribution reflects multiple long­
distance dispersals over a short time period rather than range 
firagmentation of a widespread ancestor. We view this alternative as unlikely 
for several reasons, most notably because it unnecessarily invokes a 
mechanism (multiple long-distance dispersal events) which evidence 
suggests is unlikely. In particular, seeds of species in sect. Grandicalyx are 
apparently adapted for highly localized ant-dispersal (see below), and they 
contain terpenoid aldehydes (Brubaker et al. 1996) that may be a deterrent 
to dispersal by many other potential dispersal agents. 
Palaeoclimatic and vegetation records of the Australian continent 
provide collateral support for the range-fii^igmentation scenario illustrated In 
Fig. 6. Specifically, the rainforest prevailing in northwestern Australia had 
disappeared by the Miocene, with tentative evidence suggesting that the 
palaeoclimate changed firom mesic to more arid. It is thought that the 
climate continued to get drier towards the Pleistocene (Kershaw et al. 1994), 
perhaps as a consequence of the northward movement of Australia away 
fi-om Antarctica (Beard 1977; Kemp 1978; Bowler 1982). As the rainforest 
shrank, a woody sclerophyllous forest gradually emerged, until the Pliocene, 
when, according to available evidence, a substantial increase in the 
herbaceous community occurred. Grasses in particular became prominent, 
leading to the development of a tropical savanna vegetation in the 
northwestern comer of the continent (Kershaw et al. 1994). This 
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palaeofloristic history coincides not only with the molecular data, but with 
morphological data as well. Specifically, species of sect. Grandicalyx are 
unique in the genus in being herbaceous perennials adapted to seasonal 
fires in grasslands. Thus, the climatic and ecological conditions favorable to 
the evolution of their present habit and habitat are congruent with the 
phylogenetic and phenetic data. 
Eivolutionary novelty in sect. Grcaidicedyx 
Species in sect. Grandicalyx are distinguished ft-om the remainder of 
the genus by several unusual morphological characteristics. Perhaps most 
obvious is the difference in growth form: whereas most species in 
Gossypium are upright shrubs to small trees, sect. Grandicalyx species are 
upright to decumbent to prostrate pereimial herbs with an enlarged 
undergroimd rootstock. All outgroups to sect. Grandicalyx are shrubby to 
arborescent, including most other genera in the tribe Gossypieae (Seelanan 
et al. 1997). It seems clear, therefore, that the herbaceous habit is derived. 
A plausible scenario for the origin of this habit CFig. 7) is that it evolved in 
response to the increasing aridity and frequency of fires that occurred in the 
Kimberleys during the Pliocene and Pleistocene, as noted above. At present, 
the Kimberley region receives monsoon rains from November through 
March, and during the rest of the year there is usually no effective rainfall. 
Accordingly, fires are common during the dry season. Regeneration may be 
rapid, as all species in sect. Grandicalyx are capable of sending out new 
shoots from the thickened underground rootstocks following fires (CLB, 
JFW, JMS and LAC, pers. field observation; Craven et al. 1995). 
In addition to the change in growth form, sect. Grandicalyx are novel 
in their seed-dispersal mechanism. With the single exception of one species 
endemic to Hawaii, G. tomentosum Nuttall ex Seemsum, all species of 
Gossypium are associated with ants that feed on the nectar produced by the 
leaf and epicalyx nectaries. In general, it is not clear what benefit accrues 
to Gossypium species from nectar foraging by ants, but it may be that the 
ants ward off herbivory by other insects, as has been observed in cultivated 
cotton phandapani et al. 1994; Femandes et al. 1994) and Hibiscus spp. in 
the Kimberley area (JMS, per. field obs.). In sect. Grandicalyx, this 
association appears to have become more specialized, as all species have 
107 
become myrmecochorous, a trait foimd nowhere else in the genus. 
Myrmecochory was first introduced by Semander (19061 to describe (as 
interpreted by Berg 1975) "... any plant whose diaspores (seeds, fruits, etc.) 
are sought out and disseminated by ants owing to the presence of particular 
ant-attracting tissue or structure which [SemanderJ termed 'elaiosomes'." 
Seeds of sect. Grandicalyx species are black in color with sparse 
pubescence, but they are decorated with large (circa half or more the length 
of the seeds) white elaiosomes. These elaiosomes persist even after the 
seeds dry, although they shrivel to a fraction of the size evident in fresh 
seeds. Berg (1975) defined the typical characteristics of Australian 
mjrrmecochorous plants as being shrubs growing in xeric habitats with 
seeds possessing firm and durable elaiosomes. Species in sect. Grandicalyx 
occur in seasonally xeric environments, have the aforementioned 
elaiosomes, but are herbaceous perennials. 
What is/are the selective advantage(s) of myrmecochory which 
stabilized this syndrome in the K-genome species? Beattie (1983) proposed 
five hypotheses, including: (1) the nutrient-rich nest environment promotes 
seedling establishment; (2) predator-avoidance through active dispersal to a 
protected site; (3) avoidance of competition for above-ground germination 
microsites; (4) fire-avoidance: and (5) dispersal over larger distances than if 
the dispersal mechanism was passive. The habitats where sect. Grandicahjx 
species are found include a diversity of floristic associations and soil t3rpes, 
but the most typical physiognomy is savanna grassland with an open, 
scattered Eucalyptus canopy. The fire-ecology of the region suggests one 
connection and potential selective explanation for the existence of ant-
dispersal in the group, namely, fire-avoidance by the seeds. Another 
possible benefit of ant dispersal may be an increase in dispersal distance of 
seeds from parental plants, the fifth hypothesis of Beattie (1983). Support 
for this hypothesis is offered by the observation of ant species 
[Rhytidoponera cerastes] transporting intact seeds to their underground 
nests (FryxeU et al. 1992) and by our observation of active removal by an 
unidentified ant species of seeds from capsules immediately following 
dehiscence. Other ant species [Chekmer sp., Monomorium spp.) have been 
seen feeding on elaiosomes in situ, however, these species are too small to 
be able to transport the seeds. No study has been made of the fate of seeds 
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from species in sect. Grandicalyx after the elaiosomes are removed, so it is 
not known whether seeds remain in the ant nests or are removed from the 
nests £is refuse. In the case reported by Fryxell et al. (1992) of 
Rhytidoponera mediated seed transfer, no Gossyptum seeds were observed 
to have been deposited outside the nest (LAC, per. field obs.). We have 
observed situations where multiple plants arise from the same site as if 
there were multiple germinations from an underground nest, but it is not 
evident what the general pattern is. Accordingly, the first and third 
selective advantages proposed by Beattie (1983) need further investigation 
to ascertain whether these apply to Kimberley cottons. Finally, the 
hypothesis of predator-avoidance is difficult to reject at present. All sect. 
Grandicalyx species have seeds containing considerable amoimts of 
terpenoid aldehydes (Brubaker et al. 1996) that have toxicity to a broad-
spectrum of animals (Cherry and Leffler 1984). We have no information or 
direct observations on the degree to which insects, birds, or small mammals 
infest or harvest mature seeds of the Ktmberley species. In some areas 
immature capsules were heavily predated by one or more Lepidopteran 
species, hence the proposed escape mechanism would not be valid for these. 
However, partially eaten mature seeds were found occasionally, indicating 
that birds or small mammals will consume the seed to some extent. 
Future work 
The present study addressed several aspects of the phylogeny and 
biology of Gossypium sect. Grandicalyx, yet many questions remain 
unanswered. From a cladlstlc standpoint, most of the histoiy within the 
section remains to be elucidated. The apparent recent evolution of the 
group suggests that satisfactory resolution may be obtained only if many 
times more nucleotides are used than in the present study, and/or if other 
rapidly evolving characters are employed ia phylogenetic analysis. These 
efforts will need to accommodate the necessity for wide sampling within 
most of the taxa, as recent evolution may coincide with the phylogenetically 
vexing problems caused by lineage sorting of polymorphisms or interspecific 
gene flow (Small et al. 1998: Wendel and Doyle 1998). These same 
phenomena, as well as the relative recency of the group, may also be 
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responsible for the some of the uncertainties that exist with respect to 
species delimitations and circimiscriptions. 
Additional phylogenetic work may also shed light on the evolutionaiy 
history of G. curuvngharniL Present data suggest strongly that it has a 
reticulate ancestiy, but most of the details regarding this history remain 
unclear. This includes the timing of the introgression event(s), whether 
there has been partial nuclear introgression of markers that were not 
studied here, and whether this introgression is related to the geographic 
isolation of the species. The question arises as to whether novel or 
recombinant ecological requirements and/or capabilities emerged from the 
ancient hybridization. 
Finally, detailed investigations of the mutualism between the 
Kimberley cottons and their ant associates may prove to be especially 
interesting. In addition to having relevance to questions of seed dispersal, 
species distribution, patterns of genetic variation, and the fate of seeds in 
the seed bank, nearly nothing is known about the species diversity of the 
ant associates nor their species-specificity. Such knowledge may shed light 
on the potential role of ants in plant defense, and may ultimately lead to 
information that has practical value in cotton production. 
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TABLE 1. Taxa sampled. The taxonomic treatment follows Fiyxell (1979, 1992), Stewart (1995), eind 
Stew£irt et al. (1997). Accession designations are ours, except that those starting with PI are from the 
National Collection of Gossypium Germplasm (Percival 1987). ' When available, coordinates in latitude 
and longitude are given. Otherwise, descriptive provenances are provided. WA= Western Australia; 
NT=Northern Territory. ^ Voucher specimens are deposited at Australian National Herbarium [CANB] and 
at Northern Terrltoiy Herbarium in Darwin (DNA) and at New York Botanical Garden Herbarium (NY); 
many duplicates are deposited at Ada Hayden Herbarium (/SQ. The following abbreviations are used for 
collectors' names: AAM = A. A. Mitchell; AHDB = A.H.D. Brown; IC = Ian Cowie; CLB = C. L, Brubaker; 
EDE = E. D. Edwards; HH=H. Hurka; JW or JFW = J. F. Wendel; JMS = J. McD. Stewart; JPG= J. P. Grace; 
LAC = L. A. Craven; PAF= P. A. Fryxell; TDC=T.D. Couch; TH=T, Hymowitz; TSH = T.S. Henshaw. 
Taza/Accession Locality* Voucher specimens^ 
Ingroup taxa 
Section Sturtia ; Genomic designation: C 
Gossypium sturtianum J. H. Willis 
LC 9355 20°55'21"S 139°35'45"E CLB & JFW 9355, CANB 
PI 499810 Namatjira Dr. 22 km 
E of Glen Helen, NT 
Gos5076 30°15'S 149°59'E 
Gos 5119 30° 1 rS 139°26'E 
Gos 5237 23° 1S 119° 1O E 
LAC 8822, CANB 
JPG, AHDB, LAC, & HH 1078, CANB 
JPG. AHDB, & TH 1361, CANB 
TABLE 1 (continued). 
Gossypium robinsonii F. Mueller 
LC 9297 20°40'45"S 117°08'48"E 
LC 9300 2r34'37"S 117°03'27"E 
Section Hibiscoidea Tod. ; Genomic designation: G 
Gossypium bickii Prokh. 
LjC 9360 20°20'S 139° 10'E 
PI 464843 19°18'S 129°36'E 
Gos 5048 23°44*S 133°56'E 
Gossypium nelsonii Fryxell 
LC 9356 20 Km S of Mt. Isa, Ql, 
along Dajarra Road (Rt 83) 
PI 499783 Ormlston Gorge, NT 
Gossypium australe F. Mueller 
LC 9361 75.5 Km NW of Mt Isa, Ql, 
along Bsirkly Hwy. (Rt 66). 
PI 478754 Carawlne Gorge, E. of 
Marble Bar, WA 
PI 499756 Ormlston Gorge, NT 
Section Grandicalyx (Fiyzell) Fryxell; Genomic designation: 
Gossypium anapoides J. M. Stewart, Craven & J. F. Wendel 
LAC & JMS 9297, CANB 
LAC & JMS 9300, CANB 
CLB, & JFW 9360, CANB 
TSH 2309, DNA 
PAF, LAC, & JMS 4463, CANB 
CLB & JFW 9356, CANB 
CLB & JFW 9361, CANB 
PAF, LAC, & JMS 4460, CANB 
TABLE 1 (continued). 
LC 9188 13°54'S 126°48*E 
LC 9192 13°48'08"S 126°45'01 "E 
LC 9193 13°46' 15"S 126°49'03"E 
Gossypium costulatum Tod. 
LC 9241 15°31 '53"S 124°37'04"E 
LC9260 15°02'17"S 125°02'45"E 
LC9262 15°15'20"S 125°06'07"E 
Gossypium cunninghamii Tod. 
PI 499775 11 ° 13'S 132°05*E 
PI 499778 11 °21'S 132°32*E 
Gossypium enthyle Fryxell, Craven & J. M. Stewart 
LC 9224 15° 13'39"S 125°41 '01'"E 
LC 9238 15° 10'38"S 125°42'05"'E 
LC 9239 15°00'01 "S 125°40'21 "E 
Gossypium exiguum Fiyxell, Craven & J. M. Stewart 
IC 4223 15°09'22"S 125°43'53"E 
LC 9151 15°30'S 126°20'E 
LC 9225b 15°05*38"S 125°48*21 "E 
LC 9235 14°50*S 125°43'56"E 
Cos 5182 15°4 rs 125°43E 
LAC, JMS, & JFW 9188, CANB 
LAC, JMS, & JFW 9192, CANB 
LAC, JMS, & JFW 9193, CANB 
LAC, JMS, & JFW 9241, CANB 
JMS. CLB, & EDE 9260, CANB 
JMS. CLB, & EDE 9262, CANB 
PAF, LAC, & JMS 4926, CANB 
PAF. LAC. & JMS 4932 CANB 
LAC, JMS. & CLB 9224, CANB 
LAC. JMS.& JFW 9238, CANB 
LAC, JMS,& JFW 9239, CANB 
CI 4223 & JMS, DNA 
LAC, JMS.JFW.&CLB 9151, CANB 
LAC & CLB 9225, CANB 
LAC, JMS, & JFW 9235, CANB 
IC 4309 & JMS, DNA 
TABLE 1 (continued). 
Gossypium londonderriense Fryxell, Craven & J. M. Stewart 
LC9194 13°46'57"S 126°57'19"E 
LC 9200 14°04'21"S 127°08'45"E 
SC-29 14°06'21"S 127°09'40"E 
Gossypium marchantii Fryxell, Craven & J. M. Stewart 
10 4203 14°02' 14"S 125°59' 14"E 
IC 4211 14°03'34"S 126°04'33"E 
IC 4219 14°06'54"S 126°09'28"E 
PI 499770 14° 11 'S 126° 10'E 
Gossypium nobile Fiyxell, Craven & J. M. Stewart 
IC 4229 14° 18'02"S 126°39'05"E 
IC4231 14°27'01"S 126°40'16"E 
IC4235 14°29*10"S 126°43'19"E 
Gossypium pilosum Fryxell 
LC 9252 14°27'32"S 125°5r02"E 
PI 478760 Lone Dingo on Mitchell 
Plateau, WA 
PI 499785 14°33'S 125°51'E 
PI 499786 Mitchell Plateau, 16 kin N of 
AMEX Camp. WA 
LAC, JMS, & JFW 9194, CANB 
LAC. JMS, & JFW 9200, CANB 
IJiC & JMS 9335. CANB 
CI 4203 & JMS. DNA 
CI 4211 & JMS. DNA 
CI 4219 & JMS. DNA 
JMS. ISC 
CI 4229 & JW. DNA 
CI 4231, DNA 
CI 4235 & JW. DNA 
JMS, JFW, & EDE 9252, CANB 
PAF. LAC, & JMS 4039, CANB 
JMS s.n.. ISC 
TABLE 1 (continued). 
PI 499803 14°3rS 125°48'E 
CampRd Camp Road (approx., 3 km W of 
AMEX Camp). WA 
Gossypium populifolium (Benth.) F. Mueller ex Tod. 
IC4257 14°17'31"S 126°34'14"E 
IC 4278 14° 16'36"S 126°32'46"E 
LC 9203 15°20*36"S 124°33'47"E 
LC 9209 15° 17*S 124°31 'E 
LC 9250 14°23' 17"S 126°23*59"E 
PI 499808 14°50'S 126°30'E 
Gossypium pulchellum (C. A. Gardner) Fryxell 
LC9169 14°\4'S 126°13'E 
PI 464858 S of Jar Island, 
Vansittart Bay, WA 
Gos 5204 14° 14'S 126° 13'E 
Gossypium rotundifolium Fryxell, Craven & J. M. Stewart 
LC9270 16°00'17"S 125°55'04"E 
LC 9278 17°31 '51 "S 122° 16'05"E 
PI 499787 17°45'S 122° 15'E 
PI 499789 16°55'S 126°30'E 
PAF, LAC. & JMS 4556, CANB 
IC & CLB 4257. DNA 
CI 4278 & CLB. DNA 
LAC, JMS, & CLB 9203. CANB 
LAC. JMS. & CLB 9209. CANB 
JMS. JFW. & EDE 9250, CANB 
PAF, LAC. & JMS 4856, CANB 
LAC, JMS. & CLB 9169. CANB 
JMS 20. NY 
LAC, JMS, & CLB, 9177, CANB 
JFW & CLB 9270, CANB 
LAC, JMS, & AAB 9278, CANB 
PAF, LAC, & JMS 4556, CANB 
PAF, LAC, & JMS 4628, CANB 
TABLE 1 (continued). 
Gos 5212 16°6'S 126°31 E 
Gos 5217 17°30'E 122°25E 
Outgroup taxon 
Gossypium orboreum L. 
A2-74 
Gossypium herbaceum L. 
A,-73 
IC 4362. DNA 
LAC. JMS, & AAM, 9281; CANB 
JFW & TDC 305 
JFW 539 
TABLE 2. Characteristics of AdhD. ' Calculated as mean percentage difference of all pairwtse 
comparisons among species (gaps excluded from calculation). Abbreviations are as following: sect. S = 
sect. Sturtia; sect. H = sect. Hibiscoidea', sect. G = sect. Grandicalyx. ^ Mean difference among species, 
calculated using Jukes and Cantor (1969) correction for multiple hits (gaps excluded). See Table 1 for taxa 
in each genomic group. For nucleotide substitution in exons, three values are given: nucleotide 
substitution per site; synonymous substitution per synonymous site (Ks); and nonsynonymous 
substitution per nonsynonymous site (Ka). ^ Total number of variable (and potentially phylogenetically 
informative) sites among sequences from ingroup taxa. 
Divergence ' Nucleotide substitution per site ^  
Region Aligned %GC IG/ sect. sect. sect. IG/ sect. sect. sect. Substitution ® 
length (bp) 00 S H G OG S H G 
Exon 684 48.9 1.32 0.58 1.04 0.19 0.0133 0.0059 0.0105 0.0019 33(13) 
0.0446 •^0.0190 •^0.0255 '^0.0075'^ 
0.0062 •^0.0029 •^0.0077 "®0.0004"® 
Intron 917 33.4 2.43 1.41 1.41 0.17 0.0247 0.0142 0.0143 0.0017 81 (28) 
Overall 1601 40.2 1.82 0.96 1.20 0.18 0.0184 0.0096 0.0122 0.0018 114(41) 
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FIGURE LEGENDS 
FIG- 1. CoUection sites of Gossyptum species from Australia used in 
this study. Inset shows detail for the Kimberley region. Collections were 
made on expeditions conducted in 1981, 1983. 1985 and 1993. 
FIG. 2. Top. The region from exon 2 to exon 8 of AdhD. Black blocks 
with arabic numerals are exons and exon numbers, respectively; white 
blocks with roman numerals are Introns and intron nimibers, respectively. 
Arrows pointing to the left are reverse primers whereas arrows pointing to 
the right are forward primers. Bottom. Autoradiograph of Southern 
hybridization experiments for copy number estimation for AdhD in 
representative accessions. In all accessions, only a single band of AdhD was 
detected for both enzymes, suggesting that AdhD is a single-copy gene in all 
taxa studied. 
FIG. 3. Phylogenetic trees estimated from the rpll6 Intron data set. 
Tree 1 is from parsimony analysis when gaps were treated as missing data 
or were removed from the data matrix. The same tree was found when gaps 
were treated as presence/absence characters, in combination with their 
treatment either as missing data or when removed from data matrix, except 
that the topology in the dashed box was replaced with the four topologies (A 
through D) shown in the inset. Branch lengths are proportional to the 
number of characters that changed. Numbers above and below branches 
are the minimum number of characters supporting each branch and 
Bremer support, respectively. Tree 2 is a neighbor-joining tree based on 
analysis of Jukes-Cantor distances. 
FIG. 4. Phylogenetic trees estimated from the ITS data set. Tree 1 is 
the strict consensus recovered in parsimony analysis. Numbers above and 
below branches are the minimum number of characters supporting each 
branch and Bremer support, respectively. Tree 2 is a neighbor-joining tree 
based on Jukes-Cantor distances. 
FIG. 5. Phylogenetic trees estimated from the AdhD data set. Tree 1 
is the strict consensus recovered in parsimony analysis estimated from the 
combined exon + intron data. When the analysis was based on exon data 
only, the strict consensus tree obtained is similar to Tree 1 except that 
clades shown by striped lines are not present. If only intron data are used. 
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tlie strict consensus tree is similar to Tree 1 except that branches 
represented by thick lines are not present. Nimibers above and below 
branches are the minimum nimiber of characters supporting each branch 
and Bremer support, respectively. Tree 2 is a neighbor-joining tree based 
on Jukes-Cantor distances. Circled X and I symbols to the right of Tree 2 
denote branches retained in NJ trees inferred from only exon and only 
intron regions, respectively. 
FIG. 6. A scenario for the historical phytogeography of Gossypium 
sect. Grandicalyx from NW Australia. For simplicity, only one widely 
distributed ancestral species is indicated, although several other 
possibilities exist, such as the occurrence of several widespread ancestral 
taxa. See text for details. 
FIG. 7. An hypothesis for morphological and ecological evolution in 
Australian Gossypium. Shown at the root of the tree is the ancestral 
condition that characterizes all other Gossyptum, viz., shrubs to small trees 
to subshmbs in seasonally arid to arid habitats, with seeds variously 
pubescent but almost always with a well-defined layer of epidermal hairs, 
with extrafloral nectaries (leaf and epicalyx) that are often visited by ants, 
and with genomes that were, until recently, thought to be the largest in the 
genus (circa 5 pg/2C, Bennett et al. 1982). Morphological transformations 
accompanying the recent radiation in the Kimberley region of NW Australia 
include a change in habit to either upright or prostrate perennial herbs, 
adaptation to a strongly monsoon climate characterized by extreme seasonal 
aridity, loss of most seed pubescence and development of a prominent 
elaiosome, a more intimate association with ants, and an increase in 
genome size to the largest in the genus (circa 7 pg/2C: Stewart, 1995). 
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Ancestral states: 
- Shrubby to arborescent habit 
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CHAPTER 4. GENERAL CONCLUSIONS 
This dissertation describes efforts to address questions of the 
phylogeny of the tribe Gossjrpieae, the genus Gossypium, and specifically 
Gossypijum sect. Grandiccdyx, using multiple molecular data sets. A 
strategy to handle multiple data sets was developed, which has been applied 
at the trib£il and generic levels, but, however, could not be applied at the 
sectional level. This latter point is noteworthy because it may indicate that 
multiple data sets should be dealt with differently in phylogenetic studies 
depending on the taxonomic level of analysis. At tribal and generic levels, 
phylogenies inferred from each data set have more structure, i.e., the 
resulting tree is ftiUy or nearly resolved, which facilitates further character 
incongruence tests. However, at the sectional level, phylogenetic 
reconstruction yields phylogenies with little to no structure, i.e., trees with 
little to no resolution, especially reconstructions using the rpll6 intron data 
set. It is advisable not to perform character incongruence tests when level 
of resolution in different phylogenetic trees differs because the tests may 
give misleading results (Mason-Gamer and Kellogg 1996). In addition, 
parallel taxon sampling in molecular data sets at the sectional level could 
not be made due to intraspecific variation found in all three data sets. 
Accordingly, no ftarther character incongruence tests were performed at the 
sectional level. Instead, a phylogeny of Gossypium sect. Grandiccdyx was 
implicitly inferred from consensus trees generated from individual data sets. 
Molecular data, particularly DNA sequences, have been regarded as 
one of the best tools for phylogenetic studies as they provide far more 
characters and character states than morphological characters. However, in 
this study, despite the large amount of molecular data generated, several 
phylogenetic resolutions could not be reached. These uncertainties include 
(i) relationships among genera {Hampea, Lebronnecia, Thespesia. sect. 
Lampas], (ii) relationships among the groupings {Hampea, Lebronnecia, 
Thespesia sect. Lampas], {Gossypium, Kokia, Gossypioides), and Thespesia 
sect. Thespesia, (iii) relationships among subgenera and sections within 
Gossypium, and (iv) relationships among species within Gossypium sect. 
Grandicalyx. In addition, there were biases with respect to the distribution 
of characters supporting phylogenetic inferences. At the tribal level. 
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although it was indicated that the lineage represented by Cienfiiegosia is the 
basal lineage in the tribe Gossypleae, only one character supported this 
inference, a two-amino-acid deletion in ndhF that was found in aU members 
of the tribe but Cienfuegosia. and the outgroups. However, with the same 
data set the relationship between Kokia and Gossypioides as sister taxa and 
the monophyly of Gossypium were supported by as many as 6 characters 
each. 
At the generic level in Gossyptunu the clades consisting of species 
from the same genomic designations received higher character support than 
the clades indicating relationships among genomic designations. The bias 
in character support was more exaggerated in the phylogenetic study of 
Australian Gossypium as most characters went to support the monophyly 
of each section with few characters left for inferring phylogenetic 
relationships among species within each section. Nonetheless, there is one 
important implication regarding the bias in character distribution over 
phylogenetic tree(s). That is. either rapid or recent speciation in evolution of 
the tribe or genus or subgenus might be suggested when a corresponding 
clade has few character supports compared to an irmnediately preceding or 
succeeding clade. One obvious case is the early diversification into three 
sections {Sturtia, Hibiscoidea, and Grandicaly^ in evolution of Australian 
Gossypium, followed by the recent speciation in sect. Grandicalyx. 
One advantage of molecular data over morphological characters is 
that estimates of divergence time can be obtained from molecular data. 
Although times estimated from molecular data are uncertain and subject to 
several sources of error, they provide an approximate time scale, which, 
when coupled with other evidence (e.g.. palynological, palaeogeographical 
data), may contribute to an understanding of the history. This process was 
applied to divergence in the tribe Gossypieae and in Gossypium. Divergence 
time estimates suggested that the tribe Gossypieae originated doiring the 
Miocene, and that diversification among genera occurred in the mid-
Miocene to mid-Pliocene, with the exception of the Kokia-Gossypioides 
separation. These two genera diverged 3 million years ago, or in the late 
Pliocene, according to the molecular data. The implication from this 
estimate, when considered in conjunction with their geographic distribution, 
implicates transoceanic dispersal as a factor in the evolution of these two 
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genera. This finding reinforces long-distance, saltwater dispersal as the 
major mechanism in seed dispersal in the tribe Goss5rpieae. In Gossyptum, 
estimates of divergence time indicated the major genomic groups, viz.. A, C, 
and D genomes, diverged in a temporally closely spaced manner in the early 
evolution of the genus. Molecular clock estimates also suggested recent 
(Pliocene-Pleistocene) speciation in Australian Gossypium sect. Grandicalyx. 
This dissertation also suggests trends in the evolution of 
morphological characters in the tribe Gossypieae and in Gossyptum. Most 
members of the Gossypieae and Gossyptum are shrubby or sub-arborescent 
woody plants. In Cienfuegosia and in Australian Gossyptum sect. 
Grandicalyx, however, they are either small shrubs or decumbent to 
prostrate herbaceous perennials. In addition, the usual condition ia the 
tribe and the genus is that species have seed bearing dense lints: exceptions 
include species in Hampea and in Australian Gossyptum sect. Grandicalyx, 
whose seeds bear sparse to no lint, and instead, have prominent 
elaiosomes. When considered in a phylogenetic context, these two groups 
are derived. It is reasonable, therefore, to postulate that the transition in 
morphological characters is from the woody plants with an arborescent 
habit with densely linted seeds, to herbaceous plants with a decxmibent 
habit with sparsely pubescent to lintless seeds that bear elaiosomes. 
A related character transformation indicated by the present work 
concerns mechanism of seed dispersal. As previous mentioned, long­
distance, saltwater dispersal has been a major factor in the evolution of the 
tribe and of Gossyptum In Australian Gossyptum sect. Grandicalyx, 
however, seed dispersal by ants prevails. Furthermore, it has been found 
that other species of Australian Gossyptum particularly G. australe, have 
seeds that can be carried by wind. It is likely that the transition in seed 
dispersal is from passive mechanisms, with occasional opportunistic 
oceanic voyages, to a more recent wind- and ant-mediated mechanism. 
Although several phylogenetic inferences were advanced in this 
dissertation, there remain many unanswered questions. The following are 
suggested further studies: 
(i) In future phylogenetic studies of the tribe Gossypieae, there 
should be more intensive sampling from Cienfuegosia, Hampea, 
and Thespesia sect. Thespesia. Furthermore, Cephcdohibtscus 
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peekeUi Ulbr. should also be included, as it is the sole member 
of the genus for which no data have been accumulated. 
(11) The use of faster evolving molecular data sets is necessary if we 
are to reveal phylogenetlc relationships in groups of [Hampea, 
Lebronnecia, Thespesia sect. Lampas], [{Hampea, Lebronnecia, 
Thespesia sect. Lampas), Thespesia sect. Thespesia, and 
{Gossypvum, Kokia, Gossypioides)]. At present, these 
polytomies remain imresolved. 
(iii) This study suggested an unnatural taxonomic grouping of 
species in Thespesia, therefore, formed taxonomic revision of 
this genus is necessary. 
(iv) For a better imderstandlng of phylogenetlc relationships among 
genomic groups in Gossypiimi, more data are needed. 
(v) More taxonomic study is needed of species of Australian 
Gossypium sect. Grandicalyx, to address species delimitation 
and circumscription questions. 
(vi) Because polymorphism exists in species of sect. Grandicalyx, it 
would be of interest to find out if this polymorphism is due to 
lineage sorting of ancient polymorphism, interspecies gene flow, 
or circumscription errors. 
(vil) Since one species in sect. Grandicalyx, Gossypvum 
cunninghamiL has an ancient hybridization in its evolutionaiy 
history, it would be of interest to address when hybridization 
occurred, which species were Involved, whether or not there has 
been introgression of nuclear genes, and whether or not its 
isolated geographic distribution emerged as the result of the 
introgression. 
(viii) Finally, further study is needed of ant-plant mutualism in 
Australian Gossypium sect. Grandicalyx to address relevant 
questions regarding seed dispersal, species distribution, 
patterns of genetic variation, the fate of seeds, diversity of ants, 
and specificity of ant species to any Gossypium species. 
Many of the above questions could be answered by using more and 
faster evolving molecular data and/or more samples (e.g., i-v) whereas 
others need to encompass other types of studies (e.g., v-viii). An integrated 
134 
approach involving several disciplines is thus likely to be the most 
informative about this interesting tribe and genus. 
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